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Abstract
Due to their high surface area and size-dependent properties, nanoparticles have seen
use as biomedical devices in the past several decades. Magnetic nanoparticles are of
particular interest as their properties allow for a variety of uses including separations,
targeting, imaging, and therapy. The biological milieu is not a pristine environment,
however. The complex medium presents many challenges for particle stability and
reproducible performance. It even makes fundamental particle characterization more
difficult. In this thesis, magnetic iron oxide nanoparticles are investigated as biomedical
devices which provide diagnosis/imaging and therapy (theranostics). Innovative methods
for characterizing these particles and observing their behavior over time in biologically
relevant environments are also presented.
Overall, this thesis aims to make the important point that magnetic nanoparticles are
not stagnant objects but are in fact dynamic systems capable of vast changes upon
exposure to in vitro or in vivo environments. Aggregation, oxidation, and dissolution all
play a role in real-world nanoparticle performance. To mitigate and control some of these
concerns, a functionalized mesoporous silica shell is employed as a protective layer
around the iron oxide nanoparticle cores. This protective shell causes resistance to each
of the above-mentioned factors, resulting in more stable and predictable performance
appropriate for treatment planning and biological use.
In chapter one, various methods for the characterization of magnetic nanoparticles in
biological matrices are reviewed. Several case studies are presented to demonstrate the
necessity for complementary techniques to obtain a complete picture of nanoparticle
transformations. In chapter two, an early-phase iron oxide/mesoporous silica core/shell
nanoparticle is presented, and the effects of synthetic parameters and long term storage
conditions on particle performance are examined. In chapter three, a commerciallyavailable iron oxide nanoparticle is studied in detail in various biological environments to
understand how particle heating and imaging properties are related and how aggregation
can affect them. In chapter four, a functionalized mesoporous silica shell is applied to the
iron oxide core from chapter three. The new core/shell particle demonstrates a substantial
reduction in aggregation and thus a stabilization of material properties in vitro and in
vivo. Finally, chapter five details a variety of transmission electron microscopy (TEM)
studies with a focus on visualizing the nano/bio interface in vitro. Dark field TEM is
presented as a useful tool for locating and differentiating inorganic nanoparticles,
including but not limited to iron oxide nanoparticles, from biological structures or stain
artifacts.
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Chapter One
An Overview on the Importance of and Methods for
Characterization of Magnetic Nanoparticles in Biological Matrices

This chapter was adapted from:
Hurley, K.R.; Ring, H.L.; Kang, H.; Klein, N.D.; Haynes, C.L. “Characterization of
Magnetic Nanoparticles in Biological Matrices.” Reproduced with permission from
Analytical Chemistry, submitted for publication. Unpublished work copyright 2015
American Chemical Society.
1

1.1 Introduction to Magnetic Nanoparticles in Biological Matrices
The interactions between magnetic nanoparticles (NPs) and biological matrices such
as cells, tissues, or whole organisms provide an intriguing area of study. Magnetic NPs
can be used in vitro or in vivo intentionally as magnetic resonance imaging (MRI)
contrast agents1,2, cell sorting materials3, or as a component of therapy.4–6 They can also
be found in biological matrices naturally as in magnetotactic bacteria7 or various
vertebrates such as pigeons, salmon, and even humans where magnetic NPs have been
found in teeth or brain matter.8–10 See Figure 1.1 for a summary of magnetic NP uses.
These NPs are typically either superparamagnetic or ferromagnetic.11 Superparamagnetic
NPs are single-domain particles (usually ~20 nm in diameter or less) which exhibit no net
magnetic moment in the absence of an external magnetic field above a given temperature
(the blocking temperature). In practice, particles are often termed ‘superparamagnetic’ if
they exhibit no net magnetic moment at room temperature. The dipole of the individual
domain fluctuates due to thermal energy, resulting in an overall cancellation of magnetic
effects.11 In the presence of an external magnetic field, the dipole will align parallel or
anti-parallel to the external field. As will be discussed later, superparamagnetic NPs will
display no hysteresis loop in response to a swept external magnetic field in typical
frequency ranges because the characteristic relaxation time is so short. Ferromagnetic
NPs are multi-domain materials (either individual NPs larger than 20 nm or clusters of
smaller NPs), and they do demonstrate a net magnetic moment. Under a swept magnetic
field, ferromagnetic NPs will display a hysteresis loop as not all of the individual domain
magnetic moments can immediately align to an external field.11 Both types of NPs have
2

been discovered in biological systems, either through intentional administration or
through natural biological processes. Magnetic NPs are typically coated with a
biocompatible material to allow some degree of biological stability. Engineered NPs
often have polymeric or carbohydrate coatings such as polyethylene glycol or
dextran.12,13 Naturally-occurring NPs, such as those found in magnetotactic bacteria, are
coated with a lipid bilayer. The NP core and the protective layer together are known as a
magnetosome.14

Figure 1.1 Uses of engineered and naturally-occurring magnetic NPs. From left to right,
magnetic NPs can be used as contrast agents for magnetic resonance imaging, molecularor cell-capture agents for sorting, drug or therapy delivery vehicles, or as a part of an
organism’s magnetic sense.

While iron oxide NPs are the most common naturally occurring magnetic
nanomaterial in vivo, engineered NPs such as cobalt ferrite15 and manganese oxide16 are
also likely to be found in biological matrices either through intentional administration or
environmental exposure. Given a pristine sample (i.e. purified, capable of being
suspended in media, etc.) of magnetic NPs, a large number of characterization techniques
would be available.17,18 Several common examples are listed in Table 1.1.
3

Table 1.1 Common characterization techniques for pristine magnetic NPs.
Technique

Information Acquired

Electron microscopy (transmission, TEM;
scanning, SEM)

morphology, crystallinity, size
distribution, composition19

X-ray diffraction (XRD)

crystal structure, size20

Dynamic light scattering (DLS)

hydrodynamic diameter21

Zeta potential measurement

effective surface charge22

Thermal analysis (differential scanning
calorimetry, thermogravimetric analysis, etc.)

surface coverage, thermal stability,
nature of surface functionalization23

Infrared spectroscopy (IR)

nature of surface functionalization24

Nuclear magnetic resonance spectroscopy
(NMR)

longitudinal and transverse
relaxivity

Inductively coupled plasma-mass spectrometry
(ICP-MS)

concentration in suspension25

Superconducting quantum interference device
magnetometry (SQUID)

magnetic properties26

Learning more about the location, morphology, and magnetic properties of these NPs
while they are embedded in a biological system is critical for a fundamental
understanding of biology, to glean synthetic insights for novel nanomaterial synthesis,
and for efficacy and toxicity monitoring. The study of these materials is not always clear
cut, however, due to the complexity of the biological matrix. Experimental design must
take into account sample preparation considerations, especially because the body contains
large amounts of endogenous iron in the form of hemoglobin or ferritin. In this thesis, the
focus is primarily on efficacy and toxicity monitoring for the treatment of diseases like
cancer. Chapter 1 covers versatile techniques for characterizing magnetic NPs in
4

biological specimens with a focus on special consideration for sample preparation and the
need for complementary techniques. The chapter concludes with a discussion of two case
studies from the literature demonstrating the use of many techniques to form a complete
picture of magnetic NP/biological interactions.

1.2 Transmission Electron Microscopy
One of the most common characterization techniques for NPs in general is
transmission electron microscopy (TEM). By accelerating electrons off a heated filament
and passing a focused electron beam through an extremely thin sample, researchers can
gain insight into NP localization, size, morphology, composition, crystallinity, and other
characteristics.27,28 A summary of various electron/sample interactions and their resultant
information is given in Figure 1.2. Transmitted electrons (those that undergo very little
scattering or energy loss) pass through the remainder of the column and encounter the
CCD camera, thus appearing as bright signal in a digital image. Contrast comes from the
lack of signal from highly scattered electrons which do not interact with the CCD.
Scattering largely occurs when an electron impinges on a high mass element or a strongly
crystalline volume. Thus, magnetic NPs, which are often both high-mass and highly
crystalline compared to the carbonaceous cell or tissue material, will appear darker than
the biological matrix. Once the NPs are identified, the high resolution of TEM enables
researchers to draw conclusions about cell internationalization29–31, membrane
association32, NP aggregation state33, etc. Further information about the NPs can be
extracted, however. Diffraction patterns collected from scattered electrons show
composition-dependent rings that enable crystal structure identification.29,30,34,35
5

Sometimes when electrons collide inelastically with the sample, they eject inner-sphere
electrons from the sample. Electrons in outer shells drop down to fill the void, and the
accompanying energy is emitted in the form of an x-ray. In a process called energy
dispersive x-ray spectroscopy (EDS), the energy of those x-rays can be quantified and
related back to an elemental signature.29 The electron that underwent inelastic collision
but was still transmitted can also provide information. In electron energy loss
spectroscopy (EELS), electrons are sorted by energy to generate a plot of intensity vs.
energy. Peaks at certain energies can provide information about the electronic
environment of an atom, including oxidation state.34,36

Figure 1.2 Electron-sample interactions in TEM. High-mass or highly crystalline
samples like magnetic NPs scatter electrons more effectively than most biological
material, resulting in images with dark contrast for NPs (left panel). Electrons that collide
inelastically with the sample cause both an element-specific x-ray (measured with EDS)
and a transmitted electron with a lower energy (measured with EELS, right panel).
6

1.2.1 TEM Sample preparation
To image NPs contained in cells or tissues, the sample typically is embedded in a
polymer resin which is cured to a hard block and sliced into thin sections with a
microtome. Sample preparation can undergo one of at least two pathways. The first
involves high pressure freezing and freeze substitution before polymer curing. Depending
on experimental conditions, this process can take several days.37 The second involves cell
fixation, dehydration, and infiltration with resin at room temperature and can take up to a
week.38 Sample preparation and staining is a delicate process which requires practice and
dexterity.39 Exceptionally hard or brittle samples (i.e. bones or teeth) have a higher
probability of shattering during microtome slicing.10,34 Alternative techniques such as
focused ion beam cutting of an ultra-thin sample have been developed to avoid this
concern.34 Samples that are thin to begin with, such as some bacterial species, can be
prepared as a whole mount without resin embedding. This technique results in a higher
probability of finding NPs because the microscopist is not limited to a thin slice, but NP
internalization becomes a more complex question when imaging a projection of the
whole bacteria as opposed to a discrete slice.29,30

1.2.2 TEM Limitations
The most important limitation of TEM is its sampling volume. The extreme
magnifications make it difficult if not impossible to obtain a truly representative sample,
which is why it is important to pair TEM with a correlative technique whenever possible.
Beyond sampling concerns, it is sometimes difficult to even locate the NP of interest.
7

Green and colleagues summarize the issue nicely: “Light microscopy and transmission
electron microscopy work at such different scales that some components of cells may be
too small to detect using light microscopy but too dispersed among cells within tissues to
be discovered using electron microscopy.”40 Several techniques can be used to solve this
‘needle in a haystack’ problem. When working with crystalline NPs, dark field mode can
be used to readily identify NPs at low magnification through their strong diffraction
signal.41 For large tissues or organs that contain magnetic NPs, researchers can use
magnetism to their advantage by physically sectioning progressively smaller tissue slices
and checking each for response to an external rare earth magnet.29 Finally, large tissues
can be entirely embedded in resin and cut progressively into 1 µm thick slices. Each slice
can be visualized with light microscopy, and when NPs are identified (either through a
stain such as Prussian blue or as a dark feature), the next slice from the block can be cut
to TEM specifications (60-70 nm thick).42

1.2.3 TEM Case Study
Recently, TEM was used very effectively in a study by Fdez-Gubieda et al. on the
biomineralization of magnetite in the magnetotactic bacteria Magnetospirillum
gryphiswaldense.30 In this study, researchers performed time-resolved structural and
magnetic experiments aimed at determining the phases of magnetosomes during
mineralization. Bacteria samples at various time points after exposure to 100 µM Fe(III)citrate were fixed with formaldehyde and placed on a TEM grid as a whole mount.
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Imaging studies revealed a wealth of information including magnetosome size
distribution, number density, localization relative to one another, and crystallinity at each
time point. The authors determined that the number and size of the magnetosomes
increased over time, and that they gradually oriented together into small subunits and
then larger chains. By using a correlative technique called x-ray absorption near edge
structure (XANES) spectroscopy, which is theoretically similar to EELS 43, researchers
were able to determine that the magnetosomes formed through a two-step process. In the
first step, magnetosomes largely consisted of phosphorous-rich ferrihydrite structures
during a period of slow iron accumulation and then in a second step were converted to a
more reduced and crystalline form, Fe3O4 (magnetite). Importantly, the authors were able
to use knowledge of magnetosome size and number density from TEM images to
estimate the mass of iron present in each bacterium, which was then used to convert
qualitative XANES observations into quantitative conclusions.

1.3 Mössbauer Spectroscopy
Mössbauer spectroscopy is a versatile analytical technique intended to study the
chemical, structural, and magnetic characteristics of materials by measuring nuclear
energy level transitions with gamma rays.44 Depending on the environmental condition of
the nuclei in a sample, the energy of a given nuclear transition will change compared to a
probe nuclei of the same element (hyperfine interactions). The energy levels of the
sample nuclei absorbing the gamma ray can be modified by an isomer shift (related to selectron environment), quadrupole splitting (related to charge distribution and electronic
9

arrangement), and magnetic splitting (related to magnetic ordering).44 By adjusting the
energy of probing gamma rays via the Doppler effect, researchers measure the
wavelength of these energy splittings, which in turn gives information about the
oxidation state, magnetic properties, and crystallinity of the sample.44 Among several
isotopes which behave according to the Mössbauer effect,

57

Fe is the most common and

popular due to its very low energy gamma ray and long-lived excited states.45 Ironcontaining magnetic NPs experience hyperfine interaction in the presence of a magnetic
field (‘Zeeman splitting’).44 This behavior can be shown in the spectra as magnetic
sextets. As shown in Figure 1.3, non-magnetic materials or superparamagnetic particles at
room temperature have a characteristic doublet feature, indicating a lack of magnetic
splitting.46,47

When

the

temperature

is

low

enough,

magnetic

splitting

for

superparamagnetic particles (the characteristic sextet) becomes apparent as there is not
enough thermal energy to cancel each NP’s magnetic moment.48 In a biological matrix,
Mössbauer spectroscopy is not sensitive to most organic material and is able to separate
the spectra of exogenous iron in NPs from the endogenous iron in vivo (i.e. ferritin or
hemoglobin) based on magnetic properties.48 Thus, researchers can distinguish the
injected or applied NPs from naturally presented iron in the spectra. In addition to the
study of magnetic NP oxidation state and crystal structure, time-dependent Mössbauer
spectroscopy measurements can show biodegradation processes of magnetic NPs as
sextets gradually become doublets, representing a loss of magnetic character.49,50
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Figure 1.3 Nuclear energy levels of

57

Fe in different local environments and related

Mössbauer spectra. From the left, unperturbed state, isomer shift, quadrupole splitting,
and magnetic splitting respectively. The arrow in (b) indicates the change in peak
position from the unperturbed state. I is the nuclear angular momentum spin quantum
number, and mi is the magnetic quantum number.

1.3.1 Mössbauer Sample preparation
Mössbauer spectroscopy measurements require a solid sample so that recoil-free
nuclear transitions can occur as gamma rays from a probe isotope interact with the
sample.51 To study the samples in a biological matrix, magnetic NPs are introduced into
11

biological systems, the media containing the sample is extracted, and the samples are
lyophilized.47,52 If solid samples can be obtained from biological suspensions, samples
can be gathered on filter paper as a dry paste and placed directly into the instrument. 53
Mössbauer isotope-rich samples can be introduced to achieve better signal-to-noise ratios
and resolutions.54

1.3.2 Mössbauer Limitations
Lifetime of the excited states and low-lying excited states are key factors for a
Mössbauer isotope, and thus the number of isotopes that can be used in Mössbauer
spectroscopy is limited. 57Fe is the most common, and 119Sn and 121Sb are also frequently
studied. However, because of the low percentage of 57Fe in natural iron minerals, there is
a limit in the sensitivity for dilute samples.55 In addition, several minerals containing iron
can have similar Mössbauer characteristics, and thus, spectra. For example, pyroxene,
amphibole, and mica spectra are all nearly identical and indistinguishable.56 The
instrument itself requires a new annual radioactive source and daily liquid helium,
making maintenance costly. The data collection process for Mössbauer spectroscopy is
slow; typically, it takes 50-150 hours to collect data for a single spectrum.57

1.3.3 Mössbauer Case Study
Recently, the biodegradation of magnetic NPs in different organs of mice has been
studied using Mössbauer spectroscopy.47,49,50 In one such study, Panchenko and coworkers injected magnetic NPs into mice and investigated their time-dependent
12

biodegradation by Mössbauer spectroscopy.49 Mice livers were extracted at various times
post-injection (two hours, two days, two weeks, and two months), and the Mössbauer
spectra of

57

Fe nuclei in the samples were measured with and without an external

magnetic field at room temperature and at 78K without the external magnetic field. The
authors noticed that, along with the sextets from the injected NPs, intense doublet lines
appeared in the spectra with increasing times. After two hours in vivo, samples displayed
this doublet only in the spectrum collected at room temperature without the external
magnetic field, suggesting that the spectra were from the exogenous NPs. In contrast,
doublets appeared in all three spectra after two months, leading to the conclusion that the
doublet then indicated non-magnetic iron. To further investigate the nature of the nonmagnetic iron species, the authors calculated the concentrations of superparamagnetic
and paramagnetic components from the spectra using the Debye model and measured the
isomer shift parameters for each. The researchers concluded that the paramagnetic and
superparamagnetic components retained their isomer shift and quadrupole splitting, and
their concentrations increased, whereas the concentrations of NP components decreased
with increasing time. From the isomer shift and quadruple splitting, it was inferred that
the doublet patterns were associated with iron-containing proteins present during the
biodegradation process.

1.4 SQUID Magnetometry
Superconducting quantum interference device (SQUID) magnetometry is a standard
measurement method for magnetic materials characterization. A number of books
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describe the details of SQUID detection.26 In brief, a SQUID consists of a coil made with
superconducting wire and Josephson junctions. Typically, a change in magnetic field
(flux) can be detected with a coil by measuring the change in current caused by
inductance of the coil. For a coil made with superconducting wire, the current through the
wire is unable to change. Josephson junctions are weak links within the superconducting
wire, typically a thin layer of non-superconducting material, that superconducting
electrons can tunnel through. The critical current that passes through the Josephson
junctions is heavily dependent on magnetic flux and alters the current flowing through
the superconducting coil. This results in the high sensitivity flux-to-voltage conversion
which is possible with SQUID detection.
Two characteristic magnetization measurements are acquired with a SQUID. A fielddependent magnetization curve is measured with the temperature held constant while the
external magnetic field is adjusted (0 – 7T for commercial systems).58 For this plot, the
magnetic induction of the material (B) is plotted against the applied field strength (H).
The resulting curve can be used to determine magnetic material properties such as the
saturation magnetization, remanent induction, coercivity, and magnetic susceptibility.
Typical data acquired from these measurements are shown in Figure 1.4. Temperaturedependent magnetization is measured at a low magnetic field over a variable temperature
range (2 - 400K)58, indicating the magnetic phase of a material. An important property for
this measurement is the Curie temperature, which is the temperature at which the
magnetic character of a material transitions from ferromagnetic to paramagnetic. Overall,
the information from these measurements can be combined to obtain information about
14

the inherent strength of a magnet, which gives insight on materials properties such as
oxidation state, anisotropy, size, and shape.

Figure 1.4 A hysteresis loop of a (top) ferromagnetic and (bottom) paramagnetic material
as it would appear in a SQUID measurement. Typical magnetic properties measured,
such as the saturation magnetization, coercivity, remanent induction, and magnetic
susceptibility are marked.

1.4.1 SQUID Sample Preparation
SQUID magnetometry is a versatile method capable of measuring many sample types
including powders, crystals, thin films, liquids, and gases. Samples are typically packed
into a gelatin capsule42,59, although modified NMR and EPR tubes have been utilized due
15

to their low-susceptibility glass.60,61 Liquid and cell samples are often diluted with
glycerol to avoid strain caused on the sample if crystallization of the liquid carrier
occurs.59 Alternatively, liquid samples can be loaded onto filter paper before
measurement.62,63 Tissue samples typically undergo freeze drying where either the
sample is kept intact or cut into smaller pieces before placement in a gelatin capsule.42,64
Sample sizes can vary based on the magnetic susceptibility of sample; however, in the
case of tissue samples, smaller organs such as the spleen may require combining several
samples to obtain a sufficient signal.59

1.4.2 SQUID Limitations
SQUID measurements acquire the bulk magnetic properties of the sample and,
therefore, do not give localized information. Furthermore, when interacting with
biological samples, the inter-particle interactions can become convoluted with the sample
matrix. However, information regarding inter-particle interactions can be obtained by
comparing the known characteristics of a magnetic NP in an aqueous suspension to a
sample in a biological matrix.65 Conventional SQUID detection requires the use of
cryogenic cooling of the superconducting coil, increasing the cost of operation.

1.4.3 Scanning SQUID Biosusceptometry (SSB)
The high magnetic sensitivity of SQUIDs makes it feasible to detect very low
concentrations of magnetic NPs in vivo, which is typically performed by scanning
SQUID biosusceptometry (SSB). SSB utilizes a scanning coil connected to a SQUID.
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Recently, this was actualized by Chieh et. al. when they demonstrated scanning SQUID
measurements, obtaining in vivo and ex vivo imaging of NPs in rat liver and heart.66 This
method has since been used to establish a comprehensive model of magnetic NP
metabolism.67

1.4.4 Alternative Techniques for Biosusceptability Measurements
Other magnetic measurement techniques with sensitivities comparable to SQUID are
capable of measuring the small magnetic fields produced in vivo. These methods are
mentioned briefly below.
NV-diamond Magnetometry: The photoluminescence of a nitrogen-vacancy (NV)
defect in a diamond is highly sensitive to magnetic field changes. Therefore, through
optical detection, the magnetic field is observed.68 Images similar to those acquired
through SSB can be acquired using two methods with NV-diamond magnetometery.
Most commonly, a nanodiamond is attached to the tip of an atomic force microscope
probe and scans over a sample to obtain a magnetic image.69 Alternatively, fluorescence
microscopy can be used to scan an ensemble of diamonds with NV center-defects near
the surface which is placed on the sample of interest.70 In biological matrices, this method
has been applied toward the detection of magnetic NPs produced by bacteria.71
Magnetic Force Microscopy: This technique is based on atomic force microscopy
(AFM), where the measured force is caused by a magnetized tip and a magnetic sample.
The standard silicon tip on the cantilever of the AFM is coated with a magnetic layer,
such as iron.72 The convoluted measurement method makes it difficult to obtain a
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quantitative value for the magnetic field present; however, quantitative analysis has been
performed.73,74 The high spatial resolution of this technique has made it versatile toward
the analysis of magnetic NPs in biological matrices (both ex vivo8 and in vitro74,75).
Table 1.2 Techniques for biosusceptability measurements in vitro or in vivo
Scanning SQUID
Biosusceptometry

NV-diamond
Magnetometry
(probe)

NV-diamond
Magnetometry
(ensemble)

Magnetic
Force
Microscopy

Sensitivity

1.3 pT/√Hz76

10 nT/√Hz68

50 pT/√Hz68

N/A

Resolution

1 cm66

~ 10 nm68

~ 500 nm68

20 nm72

Application

in vivo66

Benchtop68

in vitro68

in vitro and ex
vivo

1.5 Case study: Naturally Occurring Magnetite in Pigeons
One study by Walcott, Gould, and Kirschvink demonstrates several complementary
techniques to provide a comprehensive understanding of magnetic particles in biological
samples, specifically pigeon heads and necks.77 Several species of pigeon demonstrate
homing tendencies and are able to return home from distant and unfamiliar locations, a
trait thought to be possible in part because of some ability to sense magnetic fields. To
determine whether the mechanism behind this sense involves the presence of permanent
or super-paramagnetic materials, Walcott and colleagues measured induced magnetic
remanence in samples of pigeon heads and necks using SQUID magnetometry. An
external permanent magnet was used to induce remanence at both room and liquid
nitrogen temperatures before analysis with the SQUID magnetometer. When remanence
was found, the sample was then subdivided to further pinpoint the location of magnetic
activity. The authors successfully located a region containing magnetic material between
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the brain and skull of the pigeons. They then set about characterizing the material more
thoroughly.
By analyzing the decay of the remanence as the tissues warmed from liquid nitrogen
temperature, the authors were able to conclude that the material was not likely
superparamagnetic as there was no sudden drop in remanence during the warming
process. Using electron microscopy, they determined the dimensions of the crystalline
material in the tissue. Because most naturally occurring magnetic materials aside from
maghemite and magnetite would display superparamagnetism at similar dimensions, the
authors also gleaned insight as to the material’s identity. Light microscopy was used to
investigate aggregates of the crystals, which were black in color, suggesting they were
composed of magnetite. Another technique used was electron probe analysis, in which
the sample is probed with an electron beam and the energy of emitted x-rays is measured
to determine elemental composition. This technique was used to confirm the strong
presence of iron in the material. Finally, the material was heated to the Curie temperature.
The measured temperature closely matched with the Curie point of magnetite, further
supporting Walcott and colleagues’ identification of the primary magnetic component of
the material as magnetite.
Other studies have investigated the presence of magnetic or iron-containing materials
in pigeons using different techniques as well. Hanzlik et al. used SQUID magnetometry,
selected area electron diffraction, TEM (both bright and dark field), as well as zero-field
cooled and field cooled curves.28 In two separate studies, Fleissner et al. utilized light
microscopy with Prussian blue staining and immunohistology, TEM, as well as x-ray
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fluorescence and XANES.78,79 While the role that these structures play as
magnetoreceptors, if any, is uncertain, these investigations show a wide range of
techniques used to analyze magnetic NPs in biological samples.80,81

1.6 Case Study: Monitoring Iron Oxide NP Degradation in vivo
Some techniques presented in this feature were used by Levy et al. to better
understand the biodegradation of iron oxide NPs in vivo. While many NPs demonstrate
pH- or enzyme-dependent degradation in vitro, it is not clear that a given NP system will
behave similarly in the complex in vivo environment.82 Studying NP degradation in vivo
is essential for understanding how the body processes NPs, especially those that are
expected to have long residence times (e.g. significant amounts of gold NPs have been
found in the livers of exposed mice up to 120 days following injection).83 However,
studying degradation in vivo is a complex task due to endogenous species, varied
biodistribution, etc. Studies can require extensive tissue workup to recover NP building
blocks such as polymers84, or they might necessitate the development of entirely new
instruments.85 Fortunately, magnetic NPs can be studied through less invasive methods as
demonstrated by Levy42 and others.86
In this study, Levy et al. endeavored to study the biodegradation mechanism of
maghemite iron oxide NPs following i.v. injection at two different doses in C57/BI6
mice. A detailed understanding of the degradation mechanism requires knowledge of NP
magnetism, localization, morphology, and concentration over time. To accomplish this
task, the authors excised liver and spleen tissues from treated mice at 1, 7, 30, 60, and 90
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days following injection and prepared the samples for analysis by ferromagnetic
resonance (FMR), inductively coupled plasma optical emission spectroscopy (ICP-OES),
SQUID, and TEM.
As iron oxide NPs degrade, they dissolve into iron ions,87 which may be complexed
by a number of species within the body (hemoglobin, ferritin, transferrin, etc.).88
Compared to the original NP, these degraded species should have a loss of magnetism. In
this study, the authors exploited that fact by quantifying iron both by FMR and ICP-OES.
FMR, a spectroscopic technique that measures the response of a material’s magnetic
dipole to an external magnetic field, can quantify the amount of superparamagnetic (SP)
iron through a calibration curve.89 ICP-OES, on the other hand, is indiscriminate of
magnetic properties and simply quantifies total iron content in a sample. The combination
of these two techniques gave insight into the difference between endogenous iron species
and iron oxide NP degradation products, both of which are non-SP iron species. At the
designated time points, organ samples were excised, rinsed, finely sliced, dried, and
weighed before analysis. In Figure 1.5, panels (a), (b), and (c) show trends in FMR and
ICP-OES iron quantitation in mice livers and spleens over time. From the FMR data, it is
clear that SP iron content decreased over time and that the decrease was steeper for the
liver than the spleen. The authors suggested that iron oxide NPs are broken down in the
liver and that their byproducts (free or sequestered iron ions) are transported to the
spleen. It should be noted that the changes in SP iron content in the liver and spleen are
on the same order of magnitude as the error bars of the ICP-OES data (panel b),
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indicating that ICP-OES alone would not have been sensitive to the change in iron type in
either organ at this NP dose.

Figure 1.5 FMR, ICP-OES, and TEM data from ref 42. (a-c) Iron concentration in the
spleen and liver of mice after injection with iron oxide (maghemite) NPs. The
combination of FMR and ICP-OES can distinguish between SP and non-SP iron (both
endogenous and exogenous). (d-g) TEM with EDS and diffraction mode showed that the
electron dense spheres in the spleen are actually iron-containing crystalline NPs on day 1.
(h-j) After 7 days, some iron had been transferred to poorly-crystalline, fingerprint-like
‘whorls’ (yellow arrows in h) which are indicative of ferritin iron storage proteins.
Adapted from Biomaterials Volume 32, Levy, M. et al. “Long Term in vivo
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Biotransformation of Iron Oxide Nanoparticles” pp. 3988-3999, Copyright 2011, with
permission from Elsevier.

SQUID data under various conditions gave insight into the magnetic transformations
of the NPs (see Levy et al. Figure 3).42 Consistent with the FMR data, the magnetization
of the spleen and liver samples decreased over time. Interestingly, field-dependent
magnetization curves at 300K indicated that the size distribution of SP NPs was not
affected over time (i.e. those particles that are still SP are not gradually getting smaller in
a uniform way). In addition, at the longest time point, a change in magnetic character was
seen which indicated the presence of iron-containing sequestration compounds such as
ferritin. The magnetic signal of these species was too weak to be observed until all traces
of SP iron had disappeared.
To further investigate this result, the authors looked to TEM. Portions of the organs to
be analyzed were cut into 1 mm3 regions and processed via fixation, staining,
dehydration, and embedding in epoxy resin. Areas of interest were broadly identified via
fluorescence microscopy with a methyl II – azure blue stain, and smaller slices for TEM
analysis were acquired from these larger areas. Wide-field images identified areas of
prominent iron oxide NP uptake – usually in macrophages. On day 1, higher
magnification imaging along with EDS and diffraction-mode imaging confirmed the
morphology, elemental content, and crystallinity of the IONPs (see Figure 1.5 d-g). By
day 7, the morphology of some IONPs had changed substantially, resulting in
“fingerprint like whorls” which the authors identified as ferritin particles. Additional
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ferritin particles, identified by their low crystallinity and octahedral shape (Figure 1.5 h-j)
were packed together in lysosomes. These trends were born out at longer time points. At
90 days, no discrete NPs could be visualized, and all the EDS-identified iron was present
in ferritin-like structures. These TEM data along with the dramatic loss in SP iron and
magnetization, indicated that the exogenous iron oxide NPs degraded to iron ions which
were then sequestered in iron storage proteins such as ferritin. This work is an excellent
example of the combination of multiple characterization techniques to piece together a
thorough picture of the nano/bio interface in the case of magnetic NPs.

1.7 Thesis Goals and Scope
The question of how magnetic NPs interact with biological environments will only
become more important in the future. To thoroughly understand the nano/bio interface,
researchers need to utilize a variety of correlative techniques, paying careful attention to
sample preparation considerations. It is of particular importance that NPs are recognized
as dynamic structures, capable of oxidation, dissolution, and even re-deposition as they
interact with the complex in vivo environment.
The goals of this thesis are threefold: 1) examine the behavior of iron oxide
nanoparticles in response to biological environments, 2) develop a functionalized
mesoporous silica coating to stabilize iron oxide NPs against biological transformations
and 3) apply new methods for the characterization of magnetic NPs in complex media
such as blood and plasma. Chapter 2 contains a study of the effects of mesoporous silica
coating on the magnetic properties of iron oxide NPs. Chapter 3 deals with a high24

performance commercially-available iron oxide NP and the effects of biological exposure
on its performance. Chapter 4 introduces a new mesoporous silica coating technique for
the high-performance iron oxide NP, demonstrating its ability to prevent performance
loss. Chapter 5 details the development of a known technique, dark field TEM, to a new
application, the identification and characterization of inorganic NPs in biological
matrices.
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Chapter Two
Effects of Mesoporous Silica Coating and Post-Synthetic Treatment
on the Transverse Relaxivity of Iron Oxide Nanoparticles

This chapter was adapted from:
Hurley, K.R.; Lin, Y.-S.; Zhang, J.; Egger, S.M.; Haynes, C.L. “Effects of Mesoporous
Silica Coating and Post-Synthetic Treatment on the Transverse Relaxivity of Iron Oxide
Nanoparticles” Chem. Mater. 2013, 25, 1968-1978. Reproduced with permission.
Copyright 2013 American Chemical Society.
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2.1 Overview of the Study
Mesoporous silica nanoparticles have the capacity to load and deliver therapeutic
cargo and incorporate imaging modalities, making them prominent candidates for
theranostic devices. One of the most widespread imaging agents utilized in this and other
theranostic platforms is nanoscale superparamagnetic iron oxide. Although several coreshell magnetic mesoporous silica nanoparticles presented in the literature have provided
high T2 contrast in vitro and in vivo, there is ambiguity surrounding which parameters
lead to enhanced contrast. Additionally, there is a need to understand the behavior of
these imaging agents over time in biologically relevant environments. Herein, we present
a systematic analysis of how the transverse relaxivity (r2) of magnetic mesoporous silica
nanoparticles is influenced by nanoparticle diameter, iron oxide nanoparticle core
synthesis, and the use of a hydrothermal treatment. This work demonstrates that samples
which did not undergo a hydrothermal treatment experienced a drop in r2 (75% of
original r2 within 8 days of water storage), while samples with hydrothermal treatment
maintained roughly the same r2 for over 30 days in water. Our results suggest that iron
oxide oxidation is the cause of the r2 loss, and this oxidation can be prevented both
during synthesis and storage by the use of deoxygenated conditions during nanoparticle
synthesis. The hydrothermal treatment also provides colloidal stability, even in acidic
and highly salted solutions, and a resistance against acid degradation of the iron oxide
nanoparticle core. The results of this study show the promise of multifunctional
mesoporous silica nanoparticles but will hopefully inspire further investigation into
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multiple types of theranostic devices, taking into consideration their behavior over time
and in relevant biological environments.

2.2 Introduction to Mesoporous Silica-Based Theranostic Devices
Theranostics, devices which enable diagnosis, therapy, and monitoring of therapeutic
efficacy, are becoming increasingly important tools for treating diseases such as cancer.
The ability to monitor treatment easily can inform physicians regarding choices in dosage
or even the type of drug used. Nanoparticle (NP) platforms are well suited for
incorporation of imaging and therapy functionalities for this type of personalized
medicine.1 In particular, mesoporous silica (ms) NPs have emerged as prominent
candidates for theranostics.2,3 Thus far, various types of imaging agents, including
fluorescent dyes,4 gold nanorods,5 radionuclides (64Cu),6 superparamagnetic iron oxide
NPs (IONPs, Fe3O4 and γ-Fe2O3)7,8 and gadolinium complexes,9 have been incorporated
into msNPs while maintaining a high drug loading capacity in the same NP. These
materials have enabled msNP use in various types of bio-imaging including fluorescence,
computed tomography (CT), positron emission tomography (PET), and magnetic
resonance imaging (MRI).4–9 Among these multifunctional msNPs, those containing
IONPs (msIONPs) are some of the most prominent in the literature because they can be
used both as separation tools and as T2 MRI contrast agents. The quality of an MRI
contrast agent is generally measured via the relaxivity, ri (i=1 or 2), which describes the
ability of a contrast agent to shorten the T1 or T2 relaxation time of water protons. For
IONP-based MRI contrast agents, the signal enhancement ability (r1 or r2), is determined
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by several factors: (1) NP size, (2) NP composition, (3) NP surface coating, and (4)
synergistic magnetism effects from multiple IONPs.10–21

2.2.1 Synthetic Parameters Which May Affect Relaxivity
To incorporate IONPs into msNPs, some groups have attached IONPs to the exterior
of msNPs, creating stimuli-sensitive ‘capped’ msNPs for controlled drug release
applications.22,23 Others have synthesized magnetic NPs inside the pores of msNPs.24
Alternative syntheses are based on a core-shell architecture, which is the focus of the
present

investigation.

Many groups

have

developed

syntheses

of

core-shell

msIONPs7,8,25,26 which display a range of conflicting r2 values. These differences may be
attributable to the characteristics of the IONP core; for example, Kim et al. achieved an r2
of 245 mM-1s-1 with 15-nm diameter IONP cores synthesized via decomposition of iron
oleate,8 but Lin et al. found an r2 of 153 mM-1s-1 with 10-nm diameter cores synthesized
by decomposition of iron acetylacetonate.7 To put this difference in perspective, a 20%
greater dose of the lower r2 msIONPs would be required to obtain the same contrast as
the other msIONPs in a MR image. Despite the fact that such large discrepancies exist in
literature-reported systems, there is little understanding behind the causes of such
differences. Based on these literature precedents and others, it is clear that IONPs
prepared using different methods lead to size and crystallinity differences that may
influence the r2 values; however, it is not immediately clear whether size, crystallinity, or
other variables are the major contributors to r2 differences in msIONPs. To compare the
IONP synthetic effects on r2, one must prepare IONPs with a similar size from two
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different synthetic methods and then incorporate a ms shell. Aside from differences in
core character, discrepancies in r2 between msIONP syntheses could be derived from the
character of the silica shell. In recent work, solid silica shell thickness13,14 and
polyethylene glycol (PEG) coating15,16 effects on the r2 values of IONP cores have been
thoroughly considered, but there have not been systematic studies for msIONPs. These
studies are critical based on the much higher drug loading capacity and much lower
unintentional cytotoxicity of msNPs compared to their solid silica counterparts. To
characterize the effect of a ms coating on IONP r2 values, it is essential to synthesize
IONP-incorporated msNPs having various sizes, using the same synthetic route to avoid
other possible influencing factors such as particle stability, variation in extent of silica
condensation, or extent of oxidation of IONPs, which would likely change r2.

2.2.2 Concerns Regarding Long-Term Storage and Biomedical Use of msIONPs
In addition to determining NP synthetic effects on r2, this work also explores practical
concerns for long-term msIONP storage and biological use. Most r2 measurements in the
literature are performed at only one time point and in pure deionized (DI) water. While
this initial value is important, care must be taken to further examine r2 in multiple
scenarios which are relevant before and during theranostic use. Recent studies on other
core-shell magnetic NPs have revealed relaxivity or magnetic property changes over
time, depending on the storage conditions or suspension environment.27–29 For example,
Lee et al. found that the T1 relaxation time of MnO-SiO2 core-shell NPs significantly
changed over time at pH 5 due to dissolution of MnO to Mn2+ ions.28 Meade and co30

workers found that mixed ferrite NPs coated with silica underwent significant T1 and T2
changes upon exposure to conditions as gentle as neutral water during dialysis.30 Should
msIONPs be used clinically, they will likely be stored in aqueous suspensions for days,
weeks, or months. Stability following introduction into the body is also critical, both in
msIONP structure and in relaxivity. To the best of our knowledge, none of the literature
studies explore long-term T2 relaxivity stability of silica-coated IONPs in aqueous
suspensions.
It is well-known that the degree of aggregation of IONPs significantly influences
r2.17–19 These results indicate that particle stability of the silica-coated IONPs is a critical
consideration for long-term relaxivity studies. Unless controlled, unmodified msIONPs
tend to aggregate during the synthesis or template removal processes.30 To enable longterm relaxivity measurements, msIONPs having long-term particle stability in various
media are required. Our group has recently utilized a hydrothermal treatment to improve
colloidal stability of PEG-modified msNPs without added IONP cores.30,31 This treatment
significantly improved the PEG modification efficiency and reduced the free silanol
groups on the msNPs, resulting in a great stability improvement for PEGylated msNPs in
biological media compared to those without the hydrothermal treatment. Herein, this
hydrothermal treatment can be simply applied to the synthesis of PEGylated msIONPs to
promote long-term colloidal stability.
Personalized medicine will require high-quality imaging hours or days after imaging
agent administration. To this end, msIONPs must retain particle stability in biological
environments, and the effectiveness of the contrast agent must be maintained. Herein, we
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further examine the protective effect of the ms coating on IONPs within acidic
environments by monitoring T2 in mild (pH 5.5) and highly acidic (pH 0) suspensions
over time. In addition, we correlate these results with percent iron dissolution at pH 0.
Lastly, the protective effect is examined in biologically relevant media such as acetate
buffer (pH 5) and phosphate buffered saline (PBS, pH 7.4).
To the best of our knowledge, there is no report which examines the effects of
synthetic variables on the r2 of msIONPs. In the interest of advancing msIONPs toward
clinical trials and beyond, herein we systematically investigate the effects of multiple
synthetic variables on r2 to understand the major factors which affect contrast quality on
multiple time scales. In this work, ms shell thickness, IONP core synthesis, and the
inclusion of a hydrothermal treatment are all investigated in relevant environments. The
results of this study will better inform synthetic choices regarding clinical msIONPs,
ultimately leading to higher image contrast and better personalized patient care.

2.3 Experimental Details

2.3.1 Chemicals
All chemicals were used as received. n-cetyltrimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), polyvinyl-pyrrolidone (PVP10, average MW10,000),
iron(III)acetylacetonate (Fe(acac)3), benzyl ether, 1,2-dodecandiol (90%), oleyl amine
(70%) and 10X PBS were purchased from Sigma Aldrich (Milwaukee, WI). 2[Methoxy(polyethyleneoxy)propyl] trimethoxysilane, (PEG-silane, MW 596-725 g/mol,
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9-12EO) was obtained from Gelest (Morrisville, PA). Ammonium nitrate (NH4NO3),
chloroform (99.8%), iron(III) chloride hexahydrate (FeCl36H2O, >99%) and ammonium
hydroxide (NH4OH, 28-30 wt% as NH3) were obtained from Mallinckrodt (Phillipsburg,
NJ). Iron(II) chloride tetrahydrate (FeCl24H2O), 99-102%), and oleic acid were obtained
from Fisher Scientific (Rockford, IL). Hydrochloric acid (HCl) was obtained from BDH
(West Chester, PA). Absolute anhydrous 99.5% ethanol and 95% ethanol were purchased
from Pharmco-Aaper (Brookfield, CT). The DI water was generated using a Millipore
Milli-Q system (Billerica, MA). Heat-inactivated fetal bovine serum was purchased from
Hyclone (Logan, UT). Powder DMEM without phenol red and sodium pyruvate was
purchased from SAFC Biosciences (Lenexa, KS).

2.3.2 Synthesis of Hydrophobic Fe3O4 NPs from Co-Precipitation and Thermal
Decomposition Methods
Synthesis of co-precipitation IONPs was performed according to published
procedures.32 Syntheses of decomposition IONPs were performed according to literature
procedures with small modifications.33,34 Prior to synthesis, all reaction equipment
(glassware, stir bars, etc.) was rinsed with a small amount of 12 M HCl and several
portions of DI water. The equipment was dried in a drying oven or under a steady
nitrogen flow. Once all the equipment was completely dry, 0.728 g of Fe(acac)3 and 2.02
g of 1,2-dodecandiol were added to a 250 mL three neck round bottom flask and mixed
with a spatula. Next, the flask was equipped with a reflux condenser and nitrogen flow,
and 20 mL of benzyl ether were added to the flask. The solids were dissolved with
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intense stirring while the flask was kept under a flow of nitrogen. Once the solids were
completely dissolved and the solution was a bright maroon color, 1.974 mL oleyl amine
and 1.894 mL oleic acid were added. The flask was sealed under continuous nitrogen
flow and heated in a sand bath to 200 °C at roughly 3 °C/min. We found that longer
periods of time at both 200 and 300 °C allowed formation of more monodisperse
particles, so the reaction was allowed to heat at 200 °C for 3 h before increasing the
temperature to 300 °C at the same rate of 3 °C/min. While heating to 300 °C, the nitrogen
flow was turned off to create a blanket of nitrogen over the liquid surface. Once at 300
°C, the suspension bubbled vigorously for about 30 min. Around this time, a series of
violent reactions occurred during which the temperature would drop drastically
(sometimes all the way to 220°C) and rise back to 290 °C within a few minutes.
Following these reactions, it was very difficult to achieve temperatures of 300°C, but the
suspension was kept between 285 and 300 °C for another 2 hours (2.5 h total). The
reaction was removed from the sand bath and allowed to cool to room temperature with
vigorous stirring and nitrogen flow.

Once cool, workup proceeded as described in

literature.33,34 Seeded growth (to achieve IONP diameters similar to the coprecipitation
synthesis) was accomplished in the same way using 80 mg of seed IONPs with longer
reaction times (3 h and 2.5 h at 200 and 300 °C, respectively).
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2.3.3 Preparation of PEGylated Hydrothermally-Treated msIONPs with Various
Sizes
Synthesis of PEGylated msIONPs with various diameters were performed according
to our previous work.30 First, 0.29 g CTAB and 0.20 g PVP-10 were dissolved in 5 mL
DI water. A total of 8.2 mg (for 62-nm-diameter mMS NP synthesis), 32.7 mg (for 43nm-diameter mMS NP synthesis), and 65.4 mg (for 35-nm-diameter mMS NP synthesis)
IONPs suspended in chloroform were added to the reaction mixture. The mixture was
sonicated and heated at 40 °C for 1 h to evaporate the chloroform and allow aqueous
suspension of organically-coated Fe3O4 NPs. Next, the IONP suspension was added to
150 mL of a 0.256 M NH4OH solution and heated at 50 °C with stirring (300 rpm) for 1
h. The reaction flask was covered with parafilm for the first hour to prevent evaporation
of ammonia and subsequent pH changes. The parafilm was removed, stirring was
increased to 600 rpm, and 3 mL 0.88 M ethanolic TEOS were added. The suspension
became lighter in color and more opaque and was then heated at 50 °C for 1 h. Next, 540
μL of PEG-silane was added. The suspension was stirred for 30 more min, and then
allowed to age at 50 °C for 20 h without stirring. The suspension was passed through a
0.45 μm filter and diluted to 50 mL with DI water. If hydrothermal treatment was
applied, the as-synthesized msIONP suspension was heated in a sealed container at 90 °C
for 24 h. Deoxygenated hydrothermal treatment conditions were attained by vacuum
sonication of the as-synthesized NP suspension for 15 minutes, then backfilling the
container headspace with nitrogen. Surfactants were removed from the pores by several
centrifugation steps. The as-synthesized suspension was centrifuged (66,226 xg for 30
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min), then redispersed in 75 mM ethanolic NH4NO3 and heated at 60 °C for 1 h with
stirring (300 rpm). The suspension was centrifuged and redispersed in 95% ethanol and
0.012 M HCl, consecutively. Once redispersed in HCl, the suspension was heated and
stirred at 60 °C for 2 h, then centrifuged and redispersed in 95% ethanol and 99%
ethanol, consecutively. Finally, the suspension was centrifuged once more, redispersed in
~10 mL of 99% ethanol, and stored at room temperature (RT) for further use. It should be
noted that this synthesis has been performed previously and has demonstrated low
toxicity toward various types of mammalian cells.25,30 The sample naming scheme is as
follows: msIONP35-c-no hy indicates a 35 nm diameter core/shell mesoporous silicacoated iron oxide nanoparticle that contains a coprecipitation core and was not
hydrothermally treated. In contrast, msIONP62-d-hy indicates a 62 nm diameter
core/shell mesoporous silica-coated iron oxide nanoparticle that contains a decomposition
core and was hydrothermally treated.

2.3.4 Characterization
N2 adsorption-desorption, powder x-ray diffraction (XRD), and magnetic measurements.
The N2 adsorption-desorption isotherms were measured on a Micromeritics ASAP
2020 (Norcross, GA) at 77K. Prior to measurements, samples were degassed at 120 °C
for 18 h. The surface area and pore size of samples were determined by the BET and BJH
methods, respectively. The powder XRD patterns were generated on a Siemens BrukerAXS D-5005 X-ray diffractometer (Karlsruhe, Germany) using filtered Cu Kα radiation
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(λ = 1.5406 Å) at 45 kV and 40 mA. The magnetic curves were measured by a Quantum
Designs MPMS-5S cryogenic susceptometer at RT.
T2-relaxation measurements
Relaxometry measurements were performed on a Bruker Minispec mq60 NMR
Analyzer (Billerica, MA) at 60 MHz. T2 relaxation values were obtained by performing a
Carr-Purcell-Meiboom-Gill sequence on 400 μL sample solutions and are reported as the
average of three measurements. Then, r2 values were obtained by plotting 1/T2 vs. [Fe]
for five dilutions of each sample and fitting to the following equation:

T2 measurements were obtained from msIONP samples dispersed in differing media,
including 1 M aqueous HCl, 10 μM aqueous HCl, PBS, and acetic acid/sodium acetate
buffer (pH 5). To transfer purified msIONPs from ethanol suspensions, the samples were
first quantified by drying 1 mL of ethanol suspension by rotary evaporation and weighing
the powder. Next, 2 mL of each ethanol stock suspension was centrifuged (66,226 xg, 30
min) and redispersed by sonication in DI H2O twice. The final aqueous sample was
diluted to 2 mg/mL with DI H2O, and then to 1 mg/mL with 2x the desired concentration
of the intended medium. For example, a 2 mg/mL msIONP aqueous suspension would be
diluted with 20 μM aqueous HCl for a final concentration of 1 mg/mL mMS NP in 10
μM aqueous HCl.
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ICP-OES for iron quantitation
ICP-OES quantitation of iron was performed on a Thermo Scientific iCAP 6500 dual
view ICP-OES (West Palm Beach, FL) at a power of 1150 W. For accurate iron
quantitation, the ms shells had to be completely dissolved before the IONP could be
digested by nitric acid. Samples at 1 mg/mL were diluted 10 fold with a 10% solution of
H3OBF4 (prepared by reacting 358 mL of conc. HF with 125 g of boric acid). The
solutions were allowed to sit until they become clear and colorless. They were then
diluted another 10 fold with 0.2 M HNO3 for iron digestion, and yttrium was added as an
internal standard.
T2-weighted MR phantom imaging
Phantoms were prepared by suspending msIONPs in 2 mL DI water at a
concentration of 0.15 mM Fe (as determined by ICP-OES). Next, enough suspension was
transferred to a 2 cm long NMR tube to completely fill the tube, taking care to avoid
bubbles. Five samples could be inserted into the MRI instrument at once by placement in
a 50 mL centrifuge tube with plastic supports to keep the NMR tubes stationary. The
centrifuge tube was filled with DI water for all measurements. Samples were scanned in a
31 cm bore 9.4 T scanner (Oxford Magnet/Agilent DirectDrive Console). All images
were acquired with a volume transmit/receive coil having an inner diameter of 3 cm
(Agilent Technologies, Santa Clara, CA). To measure T2, fast spin-echo sequences with
spin-echo preparation for single slices were used with following parameters: repetition
time (TR) = 4000 ms, echo train length (ETL) = 4, echo time (TE) of spin-echo
preparation = 9.86, 15.6, 24.8, 39.4, 62.5, 99.3, 158 and 250 ms, field of view (FOV) =
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40 mm x 40 mm, slice thickness = 1.5 mm, and acquisition matrix = 128x128. The T2
value was calculated in MATLAB by fitting the image intensities and TE times into a
mono-exponential curve.

2.4 Synthesis and Characterization of msIONPs
To determine the effects of various synthetic parameters on r2, PEGylated msIONPs
were synthesized using our previously developed method30 with several different
conditions. First, the synthesis of the IONP cores (Fe3O4) was performed via two routes,
a co-precipitation reaction of iron salts32 and a decomposition of iron acetylacetonate,
Fe(acac)3.34 Samples of varying overall msIONP size (35-, 43-, and 62-nm diameters,
Figure 2.1 and Table 2.1) were synthesized by seeding different amounts of IONP cores
into the reaction.25 Lastly, a subset of samples underwent a hydrothermal treatment
wherein they were aged in water at 90 °C for 24 h. All msIONPs demonstrate a
consistent core diameter of 9-10 nm. The different core syntheses alone do not appear to
have a significant effect on msIONP size, shape, or number of incorporated cores. In all
conditions, the core is located inhomogenously in the volume of silica matrix, not
necessarily at the center of the msIONPs. This inhomogeneity makes it inappropriate to
compare the effects of silica shell thickness on r2. Instead, r2 is monitored as a function of
total msIONP diameter. The morphological effects of the hydrothermal treatment can be
seen in Figure 2.1b, d, f, and h. The increased PEG modification on/in the pores and more
complete silica condensation contribute to some pore structure disorder compared to the
NPs that did not undergo hydrothermal treatment. This effect of hydrothermal treatment
was expected based on results of our previous work.30,31
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Figure 2.1. Representative TEM images showing mMS NPs of varying diameters, IONP
cores, and hydrothermal treatment. (a) msIONP35-c-no hy, (b) msIONP35-c-hy, (c)
msIONP43-c-no hy, (d) msIONP43-c- hy, (e) msIONP62-c-no hy, (f) msIONP62-c-hy,
(g) msIONP43-d-no hy, and (h) msIONP43-d-hy. All scale bars represent 100 nm.
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Table 2.1. TEM diameter and IONP core analysis of various msIONPs.a
Sample

msIONP
Number of IONP
IONP Diameter
Diameter (nm)
Cores/NP
(nm)
msIONP35-c-no hy
35 ± 7 (n=900)
1.6 ± 0.8
9.2 ± 2.0 (n=1459)
msIONP35-c-hy
34 ± 7 (n=900)
1.5 ± 0.8
9.0 ± 2.0 (n=1357)
msIONP43-c-no hy
43 ± 8 (n=900)
1.5 ± 0.8
9.0 ± 2.0 (n=1332)
msIONP43-c-hy
46 ± 9 (n=900)
1.7 ± 0.9
9.0 ± 2.0 (n=1522)
msIONP62-c-no hy
63 ± 12 (n=900)
1.3 ± 0.9
9.1 ± 2.2 (n=1166)
msIONP62-c-hy
62 ± 13 (n=900)
1.2 ± 0.9
9.3 ± 2.1 (n=1058)
msIONP43-d-no hy
44 ± 8 (n=900)
1.7 ± 1.0
9.9 ± 1.3 (n=1547)
msIONP43-d-hy
46 ± 8 (n=900)
1.7 ± 0.8
10.0 ± 1.3 (n=1507)
a
“n” designates the number of individual NPs measured during image analysis.

Further msIONP characterization data including XRD and nitrogen adsorptiondesorption measurements are shown in Figures 2.2 and 2.3. XRD spectra at low angles
show peaks indicative of 2D hexagonal order, representing the ordering of the ms pores
within the NP. The small peaks at >3 °2θ indicate long range order, which is more
apparent in larger diameter msIONPs and in samples that did not undergo hydrothermal
treatment (Figure 2.2). The broader and lower intensity peaks for hydrothermally treated
samples are indicative of pore disorder in agreement with TEM (Figure 2.1). N2
adsorption-desorption isotherms (Figure 2.3), surface area, and pore size (Table 2.2) of
all the msIONP samples are shown to be dependent on overall NP diameter and
hydrothermal treatment. Hydrothermal treatment results in a loss of surface area and a
decrease in pore size, likely because the small PEG-silane moieties diffuse into pores and
modify the inner pore surface or incorporate into the ms framework during the heating
process. These results are consistent with our previously reported work.30,31
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Figure 2.2. Low angle XRD showing 2D hexagonal pore ordering for various msIONPs.
Hydrothermally treated samples display broader peaks with lower intensity than those
without hydrothermal treatment. Larger overall nanoparticle diameters contribute to
longer range 2D order and higher peak intensities. Differences in IONP core syntheses
appear to have no effect on 2D pore ordering.
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Figure 2.3. Nitrogen adsorption/desorption isotherms for various msIONPs. All plots
display type IV isotherms, indicating the presence of mesopores. Hydrothermally treated
samples consistently display lower surface area and pore volume than those without
hydrothermal treatment, likely due to more extensive incorporation of PEG-silane inside
the pores.
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Table 2.2. Surface area and primary pore diameter of PEGylated msIONPs with varied
sizes and IONP cores.
Sample
msIONP35-c-no hy

BET surface area (m2/g)
603 ± 21

BJH pore size (Å)
24.0 ± 0.3

msIONP35-c-hy

435 ± 17

20.0 ± 0.8

msIONP43-c-no hy

685 ± 6

23.3 ± 0.7

msIONP43-c-hy

492 ± 11

19.9 ± 0.4

msIONP62-c-no hy

804 ± 21

23.3 ± 0.6

msIONP62-c-hy

576 ± 13

19.3 ± 0.3

msIONP43-d-no hy

672 ± 23

23.7 ± 0.9

msIONP43-d-hy

503 ± 17

19.7 ± 0.4

The hydrodynamic sizes of msIONP in various media, including DI water, PBS, cell
culture media (Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum,
DMEM+10% FBS) and simulated body fluid (SBF) are summarized in Table 2.3. While
hydrothermally treated msIONPs demonstrate consistent hydrodynamic sizes in all
media, those samples without hydrothermal treatment experience a significant increase in
size, indicative of aggregation or the formation of a protein corona. In addition, Figure
2.4 further shows the hydrothermal treatment effect on long-term particle stability
(hydrodynamic diameter over time) of msIONP43-d samples in SBF at 37 °C. Compared
to msIONP43-d-hy, the msIONP43-d-no hy sample aggregated and settled out of
suspension after one day of aging in SBF at 37 °C (inset of Figure 2.4). These results
further confirm our previous work that the hydrothermal treatment supports msNP
colloidal stability in biologically relevant environments.30,31 Herein, we show that
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addition of the IONP core does not change the stability behavior. Subsequent T2 and r2
measurements were only performed on samples which displayed colloidal stability in
relevant media. For example, samples with hydrothermal treatment could be measured
over time in acetate buffer or PBS, but those without hydrothermal treatment were not
measured to avoid the complications associated with aggregation effects.
Table 2.3. Hydrodynamic diameters of various msIONPs in biologically relevant media.
Sample
msIONP35-c-no hy

H2O (nm)
57 ± 5

PBS (nm)
76 ± 9

SBF (nm)
88 ± 10

DMEM+10 % FBS (nm)
72 ± 2

msIONP35-c-hy

52 ± 7

54 ± 5

53 ± 6

54 ± 5

msIONP43-c-no hy

68 ± 3

82 ± 5

88 ± 12

77 ± 2

msIONP43-c-hy

68 ± 3

67 ± 2

67 ± 1

67 ± 4

msIONP62-c-no hy

88 ± 4

275 ± 51

440 ± 78

98 ± 7

msIONP62-c-hy

82 ± 4

80 ± 6

80 ± 7

78 ± 7
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Figure 2.4. Long-term particle stability of msIONP43-d-no hy and msIONP43-d-hy in
SBF at 37 °C. Inset: A photograph of both suspensions after 3-day aging in SBF at 37 °C
demonstrating that msIONPs without hydrothermal treatment have settled out of
suspension and can no longer be measured by DLS. Error bars represent the standard
deviation between three replicates.

2.5 Effects of msIONP Diameter on T2 Relaxivity
The r2 values of msIONPs of varying diameters with and without hydrothermal
treatment upon exposure to DI water are shown in Figure 2.5. No significant r2 difference
exists between any of the tested diameters (either in hydrothermally treated or nonhydrothermally treated samples), indicating a lack of r2 dependence on NP diameter for at
least the range of sizes considered herein. Indeed, dextran-coated IONPs (no silica shell)
formed by co-precipitation display similar r2 values to those seen here.35 This result is
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encouraging, as it suggests that ms shell diameter (up to 62 nm) has no critical influence
on r2. Researchers will be free, then, to change NP size for practical reasons without
worrying about r2 losses due to different diameters from ms coating. In contrast, an
increase of 26 nm to the diameter of γ-Fe2O3 NPs coated with nonporous silica resulted in
an r2 decrease of more than 50 % (compare r2 of 47 mM-1s-1 for 40 nm diameter to r2 of
23 mM-1s-1 for 66 nm diameter).13 The r2 of IONPs is largely dictated by an outer sphere
relaxation mechanism wherein water molecules diffuse in and out of the inhomogenous
magnetic field generated by the IONPs.36 The drop in r2 caused by nonporous silica
coatings is presumably due to the complete exclusion of water from the IONP
environment.13,14 In practical applications, the separation of water molecules from a
contrast agent is critically important as the strength of a magnetic field surrounding a
magnetic material is proportional to the inverse of the distance cubed. In the case of
msIONPs, however, we do not observe an appreciable diameter effect on r2. It is likely
that water molecules are able to diffuse through the mesopores toward the IONPs located
inside the ms coating, fulfilling the outer sphere relaxation condition.
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Figure 2.5. r2 values of msIONPs (coprecipitation core) having varied sizes (a) without
and (b) with hydrothermal treatment. Error bars represent the standard deviation of
triplicate measurements. There is no significant difference among these conditions.

2.6 Effects of IONP Core Synthesis and Hydrothermal Treatment on Transverse
Relaxivity
In addition to investigating the size effects of ms coating on IONPs, we also
compared the effects of different IONP syntheses and hydrothermal treatments on the r2
of msIONPs. TEM images of the as-synthesized IONP cores prepared from the coprecipitation and thermal decomposition methods are shown in Figure 2.6 a and b,
respectively. It is clear that the IONPs prepared from the thermal decomposition method
are more uniform in size and shape compared to IONPs made from the co-precipitation
method. Figure 2.6c shows the comparison of measured r2 values for msIONPs with an
overall 43 nm diameter prepared with the different IONP cores. A significant difference
in r2 is observed between msIONP43-c and msIONP43-d samples. Both decomposition
msIONP samples show a clear enhancement of r2 (~28-35 % greater r2) compared to
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coprecipitation msIONPs regardless of hydrothermal treatment. This result is likely due
to a lower saturation magnetization (Ms) of co-precipitation IONP cores compared to
thermal decomposition IONPs. It has been shown that large size distribution and
polycrystallinity contribute to the lower Ms of co-precipitation SPIONs.10,21 The clear
imaging benefit of the thermal decomposition IONPs will have to be balanced in practical
use, as they require higher temperatures, more expensive precursors, and more stringent
synthetic conditions than co-precipitated IONP cores.
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Figure 2.6. TEM images of (a) co-precipitation Fe3O4 NPs and (b) thermal
decomposition Fe3O4 NPs, scale bar = 50 nm. Despite differences in diameter
distributions, the IONPs present in msIONPs have diameters which center on 9-10 nm
and allow a reasonable comparison between the two (see Table 2.1). (c) Effect of core
synthesis on r2 of msIONP43-no hy and msIONP43-hy samples. (d) r2 value comparison
for msIONP-c and msIONP-d samples with and without hydrothermal treatment. Error
bars represent standard deviation between triplicate measurements. * represents p < 0.05.

Both msIONP-c and msIONP-d samples display higher r2 values without the
hydrothermal treatment, although the difference is only significant between msIONPs
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with decomposition cores. This lower r2 value for hydrothermally treated samples is
likely due to a partial oxidation of Fe3O4 (magnetite) to γ-Fe2O3 (maghemite) that occurs
during the hydrothermal treatment process, causing a decrease of Ms in hydrothermally
treated msIONPs. The decrease of Ms in msIONP43-d-hy is expected based on recent
work by Rebodos and Vikesland37 and has been confirmed by superconducting quantum
interference device magnetometer (SQUID) measurements (Figure 2.7). Fe3O4 NPs have
been shown to easily oxidize to γ-Fe2O3 by heating at 100 °C for 30 min under aeration in
the literature,38 and this oxidation can be simply observed by a color change in the
msIONP solution after hydrothermal treatment. The hydrothermally treated msIONP43-d
samples display a more orange color than samples without hydrothermal treatment (vida
infra). Despite the advantage of higher r2 values, the poor particle stability of msIONPs
without hydrothermal treatment limits their practical use.3,30

Figure 2.7. RT magnetization curves of msIONP43-d-no hy and msIONP43-d-hy
showing a decrease in Ms after hydrothermal treatment.
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2.7 Long-Term r2 Stability and Dissolution Resistance Based on Hydrothermal
Treatment
Several reports on MRI contrast agents have shown that NP relaxivity values may
change over time depending on the environment of the NP.27–29 Therefore, r2 values of
msIONPs with differing cores and hydrothermal treatments should be monitored over
time in various media. Initial measurements were made on msIONPs suspended in DI
water. DLS data (not shown) indicate that these msIONPs exhibit colloidal stability in DI
water, suggesting that r2 changes are not being caused by aggregation. The r2 values of
all msIONPs over 32 day aging in DI water are shown in Figure 2.8. Both msIONP-c and
msIONP-d samples exhibited similar behavior, with hydrothermally treated samples
retaining the original r2 values while samples without hydrothermal treatment dropped to
80% of original r2 values in just eight days of storage in DI water at RT. Though all the
initial r2 values of non-hydrothermally treated msIONPs are higher than their
hydrothermally treated counterparts, the values drop to become comparable or even lower
than those of hydrothermally treated msIONPs after eight days of storage. This result is
important as it suggests that, without hydrothermal treatment or other modifications,
msIONPs will have a short shelf life at maximum r2.

52

Figure 2.8. r2 behavior and of msIONPs in DI water over 32 days at RT. Figures a-d are
plotted as absolute r2 value vs. time. Figures e-h are plotted as percent original r2 vs.
time. Error bars represent the standard deviation between measurements on three
replicate samples.
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Figure 2.9. Room temperature magnetization curves of msIONP43-c-no hy before and
after 28-day storage in DI H2O. The demonstrated drop in Ms is likely due to iron oxide
oxidation in water.

We considered two possible causes for the drop in r2. First, the IONP cores could be
oxidizing during storage. The decrease of saturation magnetization of msIONP43-c-no hy
after 28-day storage confirmed some oxidation of IONP cores, which would result in a
decrease of r2 (Figure 2.9). Samples with hydrothermal treatment may experience a less
substantial effect because the Fe3O4 core oxidizes to the more stable γ-Fe2O3 phase
during hydrothermal treatment, a ‘pre-oxidation.’ Second, more complete PEG coating
and silica condensation during hydrothermal treatment may lead to a protective layer
surrounding the IONP cores, keeping them from oxidizing longer than in the case of the
samples without hydrothermal treatment. To test these hypotheses, we performed a
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number of experiments, the results of which are shown in Figure 2.10. The oxidation of
iron oxide is well known to be associated with a distinct color change from dark
brown/black to a lighter orange or yellow.38 Samples that underwent hydrothermal
treatment displayed this color change (Figure 2.10a). To obtain more rigorous evidence,
electron energy loss spectroscopy (EELS) was performed on a msIONP43-d-no hy
sample after zero and 14 days of storage in water. The iron edge spectra after background
subtraction are shown in Figure 2.10b. Literature precedent has shown that oxidation
from Fe3O4 to γ-Fe2O3 will result in two spectral changes at the iron edge. First, the ratio
of the L3 edge to the L2 edge intensities will increase with oxidation. Second, The L3 edge
will shift to higher energies with increasing amounts of oxidation.39,40 The L3/L2 ratio did
increase from 3.37 to 3.9 between days zero and 14 (see Table 2.4). Any shift in the L3
peak energy was smaller than the resolution limit of the EELS spectrometer and should
not be taken as a statistically significant difference. Finally, a msIONP43-d sample was
hydrothermally treated in a deoxygenated environment (degassed water, nitrogen
headspace). As seen in Figure 2.10c, the sample color remained brown black, indicating
that the presence of oxygen was necessary for the previously seen color change and
further confirming the oxidation argument. When this deoxy-hy sample was monitored
for r2 stability in water, it maintained ~ 90% for up to 24 days, similar to other hy
samples. The lack of color change and long term stability in water suggest that not only
was oxidation prevented by a deoxygenated process during hydrothermal treatment – it
was prevented during storage as well, perhaps by the presence of a thin, condensed shell
of silica surrounding the IONP core.
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Figure 2.10. Evidence for oxidation during hydrothermal treatment and water storage. (a)
msIONP43-d samples before and after hydrothermal treatment.

(b) Fe edge EELS

spectra from a msIONP62-c-no hy sample after zero and 14 days of storage in DI water.
(c) msIONP43-d sample before and after hydrothermal treatment in a deoxygenated
environment. (d) Percent original r2 of msIONP43-d samples with no hydrothermal
treatment and hydrothermal treatment with or without oxygen over time in DI water.

56

Table 2.4 EELS intensity data of msIONP43-d-no hy after one and 14 days in watera.
Day 1 Peak
Intensity (e-)

Background
BG Included

Pre-oxygen
BG
subtracted

Pre-iron BG
subtracted

Day 1 Peak
Range (eV)
709.8 to
715.2
722.4 to
727.8

Day 14 Peak
Intensity (e-)
83717

Day 14 Peak
Range (eV)
710.1 to
715.8
723.9 to
733.2

L3 intensity

75344

L2 intensity

22353

L3/L2 ratio

3.37

L3 intensity

75599

709.8 to
715.2

84044

710.1 to
715.8

L2 intensity

22587

722.4 to
727.8

21915

723.9 to
733.2

L3/L2 ratio

3.35

L3 intensity

75733

L2 intensity

22696

L3/L2 ratio

3.34

21434
3.91

3.83
709.8 to
715.2
722.4 to
727.8

83404
21873

710.3 to
716.0
724.1 to
733.7

3.81

a

Using a Digital Micrograph add-on, peak intensities either before or after background
subtraction can be performed.41 With any background condition (multiple options are
available), the L3/L2 ratio increases over 14 days. This increase is indicative of oxidation.
The presence of this shell could be further elucidated by observing the behavior of
msIONPs in dilute or concentrated solutions of acids, which are also relevant for study
due to the fact that NPs interacting with cells are likely to be taken up into acidic
compartments42–44 and IONPs are easily dissolved in acid.45,46 First, the relaxation times
of 1 mg/mL of msIONP43-d-no hy and msIONP43-d-hy samples in 10 μM aqueous HCl
(pH ~5.5) were monitored over time. Because degradation behavior is a concentrationdependent process, contrast agent quality was determined by monitoring T2 as opposed to
r2. Changes in T2 represented as a percentage of initial T2 are shown in Figure 2.11a
(larger T2 values correspond to smaller r2 values). Samples without hydrothermal
treatment experienced larger T2 values over time, potentially indicative of slow acid
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dissolution of the IONP core, while hydrothermally treated samples maintained the
original T2 values. It has been shown that the mechanism of iron oxide dissolution in
acidic conditions proceeds through a number of steps.47 If the starting material is Fe3O4, it
is first oxidized to γ-Fe2O3 before undergoing further dissolution. Additionally, Fe3O4 has
a faster rate of dissolution than γ-Fe2O3 under identical conditions.46,48 Therefore, we
suspect that the long term acid resistance of the hydrothermally treated msIONPs is due
to the oxidation that occurs during the hydrothermal treatment. Either the exterior shell or
the entirety of the IONP is oxidized to γ-Fe2O3 during the treatment, imparting msIONPhy samples with slower dissolution rates. This same reasoning helps to explain why
msIONP-d samples lost r2 more quickly than msIONP-c samples in DI water. Beyond the
oxidation effect, however, we suspect that the more complete condensation of the silica
shell around the IONP core provides some protection against acid entry. To further
investigate this hypothesis, 1 mg/mL suspensions of samples with and without
hydrothermal treatment were placed in 1 M aqueous HCl (pH 0), and IONP dissolution
was measured for 24 h. After 24 h acid aging, the NPs were collected by centrifugation,
and dissolution was monitored based on the color of the NP pellet. Figure 2.11c clearly
shows that a colorless pellet was obtained from the msIONP43-d-no hy sample,
indicating complete dissolution of incorporated IONPs. In addition, iron dissolution data
(analyzed by ICP-OES) show that 99% of IONPs in msIONP43-d-no hy samples were
dissolved after 24 h incubation in 1 M HCl at RT, but only 13% of IONPs were dissolved
from msIONP43-d-hy samples (Figure 2.11b). The TEM images of msIONP43-d samples
after acid aging (Figure 2.11d and e) clearly show that, for hydrothermally treated
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msIONP43-d samples, most of the magnetic cores remain intact after one day RT aging
in pH 0 at a NP concentration of 1 mg/mL, while the cores of non-hydrothermally treated
samples are completely absent. This result further confirms the presence of a more highly
condensed silica shell surrounding the IONP core. It is likely that this shell will provide
protection for multiple phases of iron oxide, including Fe3O4 or γ-Fe2O3 (both phases are
commonly used as starting core materials) as both are subject to oxidation and acid
dissolution when unprotected.

Figure 2.11. Behavior of msIONP43-d samples with and without hydrothermal treatment
in varying acidic conditions. (a) T2 behavior over time in 10 µM HCl. (b) percent iron
dissolution of msIONP43-d samples in 1 M HCl. (c) A photograph and TEM images of
(d) msIONP43-d-no hy and (e) msIONP43-d-hy after 24-h aging in 1 M HCl.
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To examine the T2 behavior over time in biologically relevant conditions,
hydrothermally treated msIONP43-d samples were aged in acetate buffer (pH 5) and PBS
(pH 7). Samples without hydrothermal treatment aggregated and visibly settled out of
suspension within 4 h of exposure to acetate buffer (Figure 2.12 inset), and samples
without hydrothermal treatment are known to aggregate in PBS.30 Figure 2.12 shows that
hydrothermally treated samples maintained their original T2 value in acetate for over 72
h, while samples in PBS did experience a slight increase in T2 during that time. This
increase for PBS suspensions is likely due to the presence of chloride (PBS contains
NaCl and KCl). It has been shown that although Cl- ions are not necessary for oxidation
and subsequent dissolution of Fe3O4 and γ-Fe2O3, the presence of Cl- ions increases the
rates of reaction.48 Biological systems, including blood, lysosomes, and cytosol, all
contain high concentrations of Cl- ions, so this result would likely be seen and possibly
intensified in vivo (Cl- ions increase dissolution rates in a roughly exponential fashion).
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Figure 2.12. T2 behavior of msIONP43-d-hy samples in biological media. Inset: samples
without hydrothermal treatment aggregated and settled out of acetate buffer suspensions
within 4 h.

To further demonstrate the effect of hydrothermal treatment on T2 stability over time,
T2-weighted MR images were collected at one and 15 days after addition of msIONPs to
DI water. Two samples, msIONP43-d-no hy and msIONP43-d-hy, were suspended in DI
water at a concentration of 0.15 mM Fe. The results of the MRI measurements are shown
in Figure 2.13. The negative contrast of samples without hydrothermal treatment is
visibly reduced over the course of 15 days in DI water while samples with hydrothermal
treatment remain stable. The change in percent of original T2 for both samples is
consistent with data collected by relaxometry. The T2 value of samples without
hydrothermal treatment increased to 130% of original T2 values in 15 days of storage in
DI water at RT, consistent with the loss in contrast observed in Figure 2.13.
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Figure 2.13. MRI data for msIONP43-d-no hy and msIONP43-d-hy over 15 days of
aging in DI water. (a) T2 weighted images show an increase in T2 over time for samples
without hydrothermal treatment while those with hydrothermal treatment remain stable.
(b) T2 map of the same samples. (c) Percent of original T2 values calculated from T2 maps
(n=81 for each condition). The increase in T2 values for samples without hydrothermal
treatment is consistent with measurements obtained by relaxometry. * indicates p<0.05.
Error bars indicate the standard deviation between T2 values from separate pixels in T2
map.

2.8 Conclusions
In this work, we have investigated the effects of several synthetic parameters on the r2
values of msIONPs for biomedical imaging applications. The msIONP diameter appears
to have no significant effect on r2 in the measured range, indicating a fundamental
difference between porous and nonporous silica as a magnetic NP coating material.
Successful msIONP syntheses were performed by coating ms onto Fe3O4 NPs
synthesized by two different routes. Fe3O4 NPs made via a decomposition reaction
displayed 26-35% higher r2 values, but cost and scale up considerations will be important
in choosing between this method and the more affordable co-precipitation reaction. The
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hydrothermal treatment, found in previous work to support colloidal stability, has also
demonstrated an effect on both r2 stability and acid resistance of msIONPs. Samples
without hydrothermal treatment lose 20 % of their r2 within just eight days of suspension
in water, a likely storage medium. This r2 loss was determined to be a result of iron oxide
oxidation, which was prevented in the case of hydrothermal treatment in deoxygenated
water. The iron dissolution rate of msIONPs with/without hydrothermal treatment was
investigated, and it was found that the hydrothermal treatment engenders resistance to
acidic etching of the magnetic core. Finally, msIONPs were studied over time in
biological suspensions, acetate buffer (pH 5) and PBS (pH 7.4). Hydrothermally treated
samples were able to maintain T2 stability in acetate, but T2 increased slowly for samples
in PBS due to high chloride concentrations. These results should be carefully considered
for future design of IONP-based MRI contrast agents, in particular those involving
mesoporous silica.
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Chapter Three
A Study on the Effects of Magnetic Nanoparticle Aggregation
on Biomedical Imaging and Heating Performance

This chapter was adapted from:
Etheridge, M.L.; Hurley, K.R.; Zhang, J.; Jeon, S.; Ring, H.L.; Hogan, C.; Haynes, C.L.;
Garwood, M.; Bischof, J.C. “Accounting for Biological Aggregation in Heating and
Imaging of Magnetic Nanoparticles” Technology 2014, 2, 214. Reproduced with
permission due to Open Access agreements.
Note: the thesis author was a second author on this publication. As such, substantial
contributions came from additional authors. In particular, Michael Etheridge performed
heating measurements, cell culture, and viscosity measurements. Jinjin Zhang and
Seongho Jeon provided MRI measurements and image analysis, respectively.
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3.1 Overview of the Study
Aggregation is a known consequence of nanoparticle use in biology and medicine;
however, nanoparticle characterization is typically performed in the context of welldispersed, aqueous conditions. Herein, the effects of aggregation on the alternating
magnetic field- induced heating and magnetic resonance (MR) imaging performance of
iron oxide nanoparticles (IONPs) in non-ideal biological systems are systematically
investigated. Ultimately, the goal of the study is to understand the effects of aggregation
on biomedical performance for the sake of accurate treatment planning in magnetic fluid
hyperthermia applications. The behavior of IONP aggregates composed of ~10 nm
primary particles, but with aggregate hydrodynamic sizes ranging from 50 nm to 700 nm,
was characterized in phosphate buffered saline and fetal bovine serum suspensions, as
well as in gels and cells. The IONPs demonstrate up to a 50% reduction in heating in
biological suspensions, linked to the extent of aggregation. To quantify aggregate
morphology, we used a combination of hydrodynamic diameter, intrinsic viscosity, and
electron microscopy measurements to describe the aggregates as quasifractal objects with
fractal dimensions in the 1.8-2.0 range. Despite the complexities caused by aggregation,
the observed decrease in magnetic field-induced heating can be correlated with a decrease
in longitudinal relaxation rate (R1) in MR imaging regardless of the extent of aggregation.
This correlation opens the way for relevant treatment planning which takes inevitable
nanoparticle aggregation into account. The study concludes with in vivo proof-ofprinciple use of this powerful new imaging method, providing a critical tool for
predicting heating in clinical cancer hyperthermia.
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3.2 The Relationship Between Aggregation, Nanoparticle Properties, and Treatment
Planning
Nanoparticles are currently used for a wide variety of imaging and therapeutic
applications in biomedicine.1–5 However, the presence of ions and proteins in the
complex biological milieu of the body inevitably leads to nanoparticle aggregation6,7 and
it remains unclear how this affects their properties and functional performance. Using
magnetic iron oxide nanoparticles (IONPs) as a model system, we show both the impact
of biological (ionic and protein based) aggregation on alternating magnetic field-induced
heating and a new method to measure it with sweep imaging with Fourier transformation
(SWIFT) magnetic resonance imaging (MRI).8–11 While the application of IONPs in
heating and imaging is known to be affected by nanoparticle aggregation, this influence is
not well understood, with a range of studies suggesting contradictory effects on heating
and MRI contrast.12–22 Clearly, there is a need to measure and account for aggregation
effects on the heating and imaging of IONPs.
Unlike the work presented in chapter 2, aggregation studies were conducted with
commercially available Ferrotec EMG-308 composed of 10 ± 2.5 nm diameter
superparamagnetic magnetite (Fe3O4) nanoparticles coated with a proprietary anionic
surfactant in aqueous suspension. This system has been previously shown to heat
reproducibly in dispersed suspensions,23 making it a convenient model for systematic
studies. Typical aggregate measurement techniques (dynamic light scattering – DLS,
transmission electron microscopy - TEM, and intrinsic viscosity) offer only limited
information as to the three dimensional nature of the aggregate. For example, DLS
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assumes a spherical morphology, and TEM images are 2D projections of 3D objects. To
acquire a more quantitative description of IONP aggregates, samples in suspensions, gels,
and prostate cancer cells were characterized by typical means, and then their properties
were compared to those expected for computer-generated point-contacting quasifractal
aggregates.24 Using this method, quantitative parameters, such as fractal dimension,
which describe the 3D nature of the aggregate could be developed. Next, the heating and
imaging behavior of these systems was characterized under varying aggregation
conditions, where the degree of aggregation was controlled by suspension solute
concentration.
The heating of the IONPs in an alternating magnetic field was found to decrease by
up to 50% with increasing extent of aggregation. The MR contrast of the IONPs in
SWIFT MRI exhibited a similar reduction in R1 due to aggregation. Interestingly, SWIFT
MRI demonstrates a strong correlation between R1, IONP concentration ([Fe]), and extent
of aggregation, thus allowing for direct prediction of IONP heating, independent of the
degree of aggregation in biological systems. These results suggest that biological
aggregation is a critical factor for nanomaterial use in biological systems and that SWIFT
MRI can be used to both measure and account for it in IONP applications.
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3.3. Experimental Details

3.3.1 Iron Quantitation
A bulk colorimetric assay was used to quantify the IONP concentration in terms of
mass iron per volume.25–27 This assay relies on the detection of a complex formed when
Fe2+ or Fe3+ ions react with ferrozine dye, so complete digestion and release of the iron
was required. First, 300 μL of each sample (in triplicate) was added to a glass tube and
concentrated hydrochloric acid was added at a 1:1 ratio. The tubes were sealed and held
at 60 °C for 2 hours, vortexing every 30–45 minutes. The samples were then centrifuged
at 400 RCF and 4 °C for 10 minutes. Next, 200 μL of the resulting supernatant was
mixed at a 1:4 ratio with 2X PBS buffer. A serial 1:1 dilution with distilled water was
used to prepare seven 500 μl samples of decreasing concentration. Then, 50 μL of
ferrozine reagent (6.5 mM ferrozine (Acros Organics, Inc., New Jersey, NJ), 13.1 mM
neocuproine (Sigma-Aldrich Co., St. Louis, MO), 2 M ascorbic acid (Alfa Aesar, Ward
Hill, MA), and 5 M ammonium acetate (Sigma-Aldrich Co., St. Louis, MO)) was added
to each sample and set at room temperature for 30 minutes. Iron standards at 0, 1.25, 2.5,
5, 8, and 10 μg per mL were similarly prepared from a diluted stock iron standard
(Sigma-Aldrich Co., St. Louis, MO). Duplicate 200 μL aliquots from each sample were
then plated in a 96-well plate and the absorbance at 562 nm was measured in a Synergy
HT spectroscopic plate reader (BioTek Instruments, Inc., Winooski, VT). The final iron
concentrations were calculated from comparison with the absorbance of the iron
standards.
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3.3.2 X-ray Diffraction
X-ray diffraction was performed on a PANalytical X’pert MPD diffractometer
(PANalytical, Inc., Westborough, MA) utilizing a cobalt source and an X’Celerator
detector. Measurements were taken from 2θ = 15 to 85° with a step size of 0.02° and a
dwell time of 100 seconds. Samples were prepared by drop coating from a concentrated
aqueous IONP suspension onto a single quartz crystal sample holder.

3.3.3 Dynamic Light Scattering (DLS) Measurements
Dynamic light scattering was performed on a Brookhaven Instruments 90Plus particle
analyzer (Holtsville, NY). The incident 35 mW red diode laser generated 660 nm light.
Hydrodynamic diameters were measured for four independent samples, each with five
one-minute data collections (the average and standard deviation values were calculated
from all the cumulative measurements). Solution viscosities were manually input based
on the results of the kinematic viscosity measurements performed on the base solutions.
Suspensions which yielded aggregate populations larger than 1000 nm were discounted
as this size extends beyond the reliable operating range of the instrument.

3.3.4 Preparation of IONP Aggregates for Various Measurements
The IONPs used in this study are designed to retain colloidal stability in aqueous
suspension via an anionic surfactant; however, interference with the electrical doublelayer can lead to significant aggregation of the dispersed particles.28–32 Incubation with
phosphate buffered saline (PBS, ionic) and fetal bovine serum (FBS, protein) solutions
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led to varying degrees of aggregation, depending strongly on the concentration of the
aggregating solute. The stock IONP solution was diluted in varying concentrations of
PBS (0X, 1X, 1.25X, 1.5X, 1.75X, and 2X) and FBS (0%, 10%, 25%, 50%, and 100%).
While the aggregation protocol varied slightly depending on the sample preparation
required for each measurement assay, the following consistencies allowed for repeatable
aggregation between the protocols: 1) the aggregation reaction was allowed to proceed
for exactly 4 hours, at which point measurements were made or the aggregates were
fixed. The aggregation kinetics had slowed sufficiently by this point such that repeatable
aggregate populations were formed. 2) Pipetting appeared to partially break up some of
the larger aggregates. Once the aggregates were formed, mixing was accomplished by
light vortexing or gentle shaking. If a pipette transfer was absolutely required, a large
bore pipette was used. 3) All dilutions performed maintained the concentration of the
aggregating solute (i.e. aggregates formed in 1X PBS were diluted only with 1X PBS).
Preparation of PBS solutions: Stock cellgro 10X PBS (Mediatech, Inc., Manassas, VA)
was diluted with distilled water to the required concentrations. Dilutions involving the
aqueous IONP solution accounted for this included volume, such that the reported PBS
concentrations are that of the final solution.
Preparation of FBS solutions: Stock FBS (SAFC, St. Louis, MO) was diluted with
distilled water to the required concentrations. The reported FBS concentrations are that of
the initial FBS solution used for dilutions, without accounting for the added IONP
suspension volume.
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Preparation of agarose samples: 2% by weight agarose powder (Bio-Research Products
Inc., North Liberty, IA) was dissolved at high temperature (~90°C) in PBS solution. This
was then added at a 1:1 ratio to the aggregated solution (after the 4-hour time point),
vortexed to mix thoroughly, and then immediately placed in an ice bath for 15 minutes to
set.
For DLS measurements: Stock IONP suspension was diluted to 6 mg Fe/mL in the
aggregating solution for a volume of 500 μL. After 4 hours, this was diluted to a final
volume of 2 mL and immediately measured.
For heating measurements in suspension: Stock IONP suspension was diluted to 6 mg
Fe/mL in the aggregating solution for a volume of 500 μL. After 4 hours, this was diluted
to a final volume of 1 mL and immediately measured.
For heating measurements in agarose: Stock IONP suspension was diluted to 6 mg Fe/mL
in the aggregating solution for a volume of 500 μL. After 4 hours, this was diluted to a
final volume of 1 mL with the 2% agarose/PBS solution and measured after setting.
For SWIFT MRI measurements: Stock IONP suspension was diluted to 6 mg Fe/mL in
the aggregating solution, for volumes of 17, 83, 167, 333, 417, and 500 μL. After 4 hours,
all solutions were diluted to a volume of 500 μL. These solutions were then diluted to a
final volume of 1 mL with the 2% agarose/PBS solution and vortexed at a low speed to
mix thoroughly. Lastly, 400 μL of this solution was quickly pipetted into a truncated
NMR tube (avoiding bubbles) and placed in an ice bath to set.
For cryo-TEM imaging: Stock IONP suspension was diluted to 6 mg Fe/mL in the
aggregating solution for a volume of 250 μL. Aggregates at the 4 hour time point were
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diluted 1:10 and a small drop (2–4 uL) was slowly pipetted to a 200 mesh lacey carbon
grid at 100% humidity. The sample was blotted once for 2.5 s with 0 offset (no wait or
drain times), then plunged into a small cup of liquid ethane surrounded by liquid
nitrogen. Samples were vitrified with a FEI Vitrobot (FEI, Inc., Hillsboro, OR). All
subsequent sample processing and transport were performed under liquid nitrogen (–179
°C).
For viscosity and Nanosight measurements: Stock IONP solution was diluted to 3.75 mg
Fe/mL in the aggregating solution, for a volume of 20 mL. After 4 hours, 5 mL was
removed for Nanosight measurements and 15 mL was used for viscosity measurements.

3.3.4 Preparation of LNCaP-IONP Samples
A prostate cancer cell line (lymph node cancer of the prostate, LNCaP-Pro5)33 was
used for all cell studies. The cells were cultured in media composed of Dulbecco’s
modified Eagle medium (DMEM F12) supplemented with 10% FBS, 1% penicillinstreptomycin, and 10–9 M dihydrotestosterone. The cells were grown in monolayers in 75
cm2 T-flasks at 37 °C and 5% CO2. When the cells were about 60–80% confluent, they
were seeded with cell media containing 0.5 mg Fe/mL IONPs and incubated for 24 hours.
This concentration and time point have previously been shown to provide maximal
cellular loading.27 The cells were then washed with phenol red-free Hank’s balanced salt
solution (HBSS) five times to remove any non-cellularly associated IONPs and then
trypsinized (2.0 mL of 0.05% trypsin with 0.53 mM EDTA for 6-9 minutes) to detach the
monolayer. The cells did not always fully detach from the trypsinization and so a cell
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scraper was employed in these cases. The detached cells were then resuspended in fresh
media and counted. The average cell count was 7.5 ± 2 million cells per flask. While the
specific treatment for cells depended on the measurements to be performed (below),
generally they were then centrifuged at 400 RCF for 10 minutes to form a pellet. The
resulting supernatant was removed and the pellet was resuspended in 2 mL or less of
media. The bulk IONP concentration was measured by ferrozine assay after the other
characterization was complete. The average intracellular IONP concentration was 47 ± 29
picograms Fe per cell.
For TEM imaging: One flask was prepared and centrifuged as described above. This cell
pellet was resuspended in 2 mL of media and pipetted repeatedly to ensure cell clumps
were separated and the cells were fully suspended. These cells were processed for TEM
analysis as described below.
For heating measurements in suspension: Four flasks were prepared and centrifuged into
a single pellet as described above. This cell pellet was resuspended in 1 mL of media and
pipetted repeatedly to ensure cell clumps were separated and the cells were fully
suspended. The cells were pipetted for resuspension before each heating measurement.
For heating measurements in agarose: Four flasks were prepared and centrifuged into a
single pellet as described above. This cell pellet was resuspended in 0.5 mL of media and
pipetted repeatedly to ensure cell clumps were separated and the cells were fully
suspended. This cell suspension was then mixed with 0.5 mL of 2% agarose in HBSS and
vortexed at a low speed. The gel was then placed in an ice bath to set.
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For SWIFT MRI measurements: Five flasks were prepared and centrifuged into a single
pellet as described above. This cell pellet was resuspended in 0.7 mL of media and
pipetted repeatedly to ensure cell clumps were separated and the cells were fully
suspended. Aliquots of 200, 150, 100, 50, 25, and 0 μL of cell suspension were placed
into truncated NMR tubes and each was diluted with cell media to a final volume of 200
μL. Next, 200 μL of 2% agarose in HBSS was added and the samples were vortexed at a
low speed. The gels were then placed in an ice bath to set.

3.3.5 TEM Imaging
For LNCaP cells: One mL of the IONP-incubated cell suspension underwent a standard
process of fixation, staining, dehydration, infiltration of polymer resin, and curing. Cells
were washed with 0.1 M sodium cacodylate buffer (“buffer”) twice to remove excess cell
growth media and then fixed by exposure to 2.5% gluteraldehyde in buffer. The pellet
was washed another two times and then exposed to 1% osmium tetroxide in buffer for 1
hour. After another two buffer washes, the pellet went through a series of dehydration
steps wherein ethanol at 50%, 70%, 80%, 95%, and 100% was applied in sequence
(multiple exposures at each concentration). Finally, the pellet was exposed to three rinses
of propylene oxide to fully remove any ethanol. Following this dehydration, the pellet
was infiltrated with a 2:1 mixture of propylene oxide: EPON epoxy mix for 2 hours
(uncovered), then two more exposures of a 1:1 mixture for 1 hour each (covered). The
final wash was replaced with pure epoxy mix and allowed to infiltrate overnight. The
following day, the resin was replaced. The mixture was placed in a curing oven at 40 °C
74

for 24 hours, then 60 °C for 48 hours. The hardened block was removed from its casing
(a 1 mL centrifuge tube) and allowed to cure for another 8 hours at 60 °C to ensure
complete polymerization. The embedded block was then sectioned with a Leica EM UC6
Ultramicrotome (Leica Microsystems Inc., Buffalo Grove, IL) and deposited on a 200
mesh copper grid with formvar and carbon supports (Ted Pella Inc., Redding, CA).
Images were acquired on a Tecnai T12 microscope at an operating voltage of 60 kV.
Multiple images were taken at high magnification and later combined in a collage to
obtain the high resolution image of the whole cell presented in Figure 3.9a.
For cryo-TEM: Cryogenic TEM imaging was performed on a FEI Tecnai Spirit Bio-Twin
microscope (FEI, Inc. Hillsboro, OR) at 120 kV at –179 °C.

3.3.6 Characterization of IONP Aggregate Fractal Geometry
Aggregates were assumed to be quasifractal in nature, meaning that each aggregate
approximately obeys the relationship N = kf (Rg/aNP)Df, where N is the number of IONPs
comprising the aggregates, Rg is the aggregate radius of gyration, aNP is the average core
radius, and kf and Df are the pre-exponential factor and fractal dimension, respectively.24
Df was inferred in two ways. In the first (image method), individual aggregates were
imaged via cryo-TEM, and the two dimensional radius of gyration, the perimeter, area,
and longest end-to-end distance in the aggregate were measured and compared to values
for computer generated aggregates of prescribed N, aNP, kf, and Df. In this method,
individual aggregates were identified in images via setting a grayscale threshold specific
for each image; darker values than the threshold denoted spaces where aggregates were
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present. Upon setting this threshold, a corresponding two-dimensional array was made
where a value of “1” was assigned when a portion of an aggregate was detected, while a
value of “0” was assigned where aggregates were not observed (lighter than the grayscale
threshold). Individual aggregates were hence identified as contiguous spaces within two
dimensional arrays in which values of “1” had at least one neighboring “1” value. Similar
two dimensional arrays were constructed for computationally generated and deposited
aggregates, facilitating one-to-one comparison in measured two dimensional properties
for imaged aggregates and computationally generated aggregates. In the second
(ensemble) method, the IONP’s hydrodynamic diameter distribution functions were
measured using a NanosightTM and the suspensions’ intrinsic viscosities were
characterized. This information, along with the IONP mean radius (measured by room
temperature TEM), were compared to the expected hydrodynamic diameter distributions
and intrinsic viscosities of computer generated aggregates of prescribed kf and Df, with
the most probable kf and Df then selected for each suspension. For full details, see original
text.34

3.3.7 IONP heating (SAR Measurements)
A 1 kW Hotshot inductive heating system with a 2.75-turn, water-cooled copper coil
(Ameritherm Inc., Scottsville, NY) was used to generate the alternating magnetic field.
The resulting field has been previously characterized23 and was adjustable up to 24 kA/m
(volume-averaged peak-amplitude across the sample), and the applied frequency was
fixed at 190 ± 10% kHz. Measurements were conducted at 20 kA/m due the high clinical
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relevance of these field parameters.23 Each 1 mL sample in a plastic microcentrifuge tube
was insulated and centered in the inductive coil. The samples were then heated for 3
minutes, and the temperature was continuously recorded with a Luxtron 3100 fluoroptic
thermometry system (Luxtron Inc., Santa Clara, CA). The specific absorption rate (SAR)
was estimated from the maximum linear fit within the initial minute of heating (typically
the first 15–20 seconds), based on the rate of temperature rise method35,36 and a custom
fitting routine.23

3.3.8 T1 Measurement by Sweep Imaging with Fourier Transformation (SWIFT)
Sequence
The longitudinal relaxation time T1 was measured by the Look-Locker method with
an ultra-short T2 sensitive MRI sequence (SWIFT) as the read out sequence. The samples
were constructed from six truncated 5-mm NMR tubes containing IONPs of different
known concentrations and different aggregation status. These tubes were immersed in
deionized water within a 3 cm diameter 50 mL centrifuge tube. Measurements were
performed using a 9.4T magnet equipped with a DirectDrive spectrometer (Agilent
Technologies, Santa Clara, CA), with a volume transmit/receive coil having an inner
diameter of 3 cm (Agilent Technologies, Santa Clara, CA). Sixty-four total images at 128
x 128 x 128 size along the recovery curve for different recovery times were acquired. The
pulse duration of the adiabatic saturation pulse was 500 μs. Repetition time = 1.13 ms,
flip angle = 1°, spectral width = 125 kHz, and field of view = 50 x 50 x 150 mm 3. The
total scan time was ~10 minutes. The T1eff map was generated by performing three77

parameter non-linear least squares fitting to the saturation-recovery equation on a pixelby-pixel basis. The real T1 map was acquired by doing Look-Locker correction on the
T1eff map.37

3.3.9 In vivo Implantation and Imaging
All animal procedures and care were approved by the University of Minnesota
Institutional Animal Care and Use Committee. The male athymic nude mice (NU/J, The
Jackson Laboratory, Bar Harbor, Maine, USA) weighing 20 to 25 g were housed
according to these procedures. One mouse was used for proof-of-principle imaging
experiments and received subcutaneous hind limb injections of 1 million LNCaP cells,
prepared as previously described.33,38 Experiments were conducted after about 6 weeks,
and the tumors had reached an average diameter of about 7 mm. The animal was initially
anesthetized in an induction chamber with 3-5% isoflurane and 50% nitrous oxide and
then maintained during imaging via a nose cone at 1-2% isoflurane and 50% nitrous
oxide. The aqueous IONP solution was directly injected into the tumor at a dosage of
0.25 mg Fe/mL tumor immediately after baseline imaging. Three hours after IONP
injection, the animal was again anesthetized for MR imaging. The SWIFT MR imaging
protocols followed those described above. The animal was euthanized after completion of
the second imaging session.
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3.4 Characterizing Discrete and Aggregated IONPs

Figure 3.1 Physical characterization of EMG-308 IONPs. (a) TEM shows a broad size
distribution and shape anisotropy. (b) The longest radii and the radii normal to that were
measured in Image J to further quantify shape anisotropy (n=500). (c) XRD of the sample
shows characteristic peaks of Fe3O4 (magnetite) or γ-Fe2O3 (maghemite).

EMG-308 IONPs are described by the manufacturer as magnetite NPs of 10 nm
diameter stabilized by an anionic surfactant. Before aggregation experiments were
performed, the as-received EMG-308 suspension was characterized by TEM and XRD.
As shown in Figure 3.1, these IONPs display polydispersity and shape anisotropy in at
least two dimensions. The average aspect ratio as calculated from TEM image analysis is
1.3 ± 0.2. The XRD pattern shows peaks characteristic of either magnetite (Fe3O4) or
maghemite (γ-Fe2O3). Over time, it was observed that the originally pitch-black
suspension became more and more orange, indicative of oxidation as described in section
2.7.
Nanoparticle aggregation in biological media is typically caused by electrostatic
screening and protein bridging (Figure 3.2a,b).6,7 Phosphate buffered saline (PBS) and
fetal bovine serum (FBS) were used to mimic these biological aggregation processes
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under controlled conditions. Populations of aggregates with repeatable mean
hydrodynamic diameters (DH, measured via DLS) were produced by mixing the stock
IONP solution with variable concentrations of PBS and FBS (Figure 3.2c). A mean DH of
52 nm was measured for the nanoparticles in pure water, suggesting some clustering for
even the “dispersed,” aqueous case.

Figure 3.2. NP aggregation in biologically-relevant media. (a) NPs can aggregate due to
charge screening (modeled with PBS) or protein bridging (modeled with FBS). (b) A
cartoon representation of van der Waals energy as particles approach one another,
demonstrating the energetic motivation for aggregation. (c) In PBS and FBS,
reproducible aggregates are formed after 4 hours as measured by DLS.

DH provides a measure of the degree of aggregation, but cannot describe the geometry
of the aggregates, which may also play a role in determining their effective magnetic
behavior.21,22 While static light scattering can be used to examine aggregate morphologies
in colloids,39 in this study, many aggregates had hydrodynamic sizes in the sub 100 nm
range, which are difficult to detect at the single aggregate level with visible wavelength
light scattering. Therefore, further methods needed to be developed which can be used for
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quantitative aggregate analysis in complex biological media. Here, the aggregates were
assumed to be quasifractal (self-similar) in nature, such that the number of IONPs per
aggregate (N) is assumed proportional to kf(Rg/aNP)Df (kf: pre-exponential factor, Rg:
radius of gyration, aNP: average IONP radius, and Df: fractal dimension).24 In the
quasifractal model, the fractal dimension, Df, is a key indicator of aggregate morphology;
Df = 1.0 corresponds to a straight chain aggregate, while Df = 3.0 corresponds to a dense
cluster. Df was inferred in two ways - from direct examination of cryo-TEM images
(image method)40 and from analysis of the suspensions’ intrinsic viscosities combined
with DH measurements (ensemble method). The former enables inference of the most
probable fractal descriptors (Df, kf, and N) for each aggregate observed in an electron
microscopy image, while the latter simply allows for inference of the volume-weighted
Df and kf in an entire suspension. Generally, in colloids, two limiting cases of aggregation
are observed: (1) diffusion limited aggregation (DLA), wherein aggregates take random
walks in the absence of any long range attractive or repulsive interactions (though short
range van der Waals forces may be present), and bind to one another upon collision; (2)
reaction limited aggregation (RLA), wherein particles may weakly repel one another,
binding only occasionally upon collision, but still aggregate via Brownian motion.41 DLA
leads to aggregates with characteristic Df values near 2.5 if aggregation primarily occurs
through monomer (i.e. single particle) addition to aggregates, and Df near 1.8 under
instances where monomers are depleted and aggregate-aggregate collisions are abundant.
Conversely, RLA leads to Df near 3.0 with monomer-aggregate collisions, and Df near
2.1 if monomers are completely depleted (i.e. with aggregate-aggregate collisions). As
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evidenced in Figure 3.3, both the image and ensemble methods of aggregate analysis
reveal that aggregates have fractal dimensions in the 1.8-3.0 range (the expected range
encompassing both limiting circumstances), and in most instances, the volume averaged
fractal dimensions are in the 1.8-2.1 range. Both aggregate analyses suggest that most
suspensions are devoid of monomers. While the employed methods do not allow
determination of whether aggregation is more “DLA-like” or “RLA-like,” it can be
concluded that aggregate growth through aggregate-aggregate collisions is predominant
in the test suspensions. Moreover, all image method suspensions had standard deviations
of 0.2-0.3 and ~0.1 for Df and kf, respectively. This means that most observed aggregates
in a given suspension had qualitatively similar morphologies. The image method also
reveals that the average number of primary particles per aggregate increases with
increasing solute concentrations, in line with what is suggested (but not proven) solely by
DH

measurements.

Additional

cryo-TEM

morphologies are shown in Figure 3.4.
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Figure 3.3. Image and ensemble methods of IONP aggregate characterization. Cryo-EM
image processing (image method) and Nanosight/intrinsic viscosity (ensemble method)
measurements are used to infer the average pre-exponential factor (kf) and fractal
dimension (Df) of multiple and single aggregates, respectively, in suspensions, where N =
kf (Rg/aNP)Df describes aggregate morphology. Reported values from image processing are
the average of 20 or more aggregates for each suspension. Simulated aggregates with the
average number of IONPs and the average reported Df and kf are displayed (image
method: green, ensemble method: yellow). N = 49, 79, & 91 for the 1X, 1.75X, and 2X
PBS suspensions, respectively, and N = 54, 109, 98 for the 25%, 50%, and 100% FBS
suspensions, respectively.
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Figure 3.4. Additional cryo-TEM images of ‘discrete’ and aggregated IONPs. (a) Control
IONPs in water, (b) IONPs in 1.5 X PBS and (c) IONPs in 100% FBS. All scale bars
represent 200 nm. Images are shown at different magnifications to account for the
varying sizes of the aggregates.

3.5 Heating
With an understanding of the makeup of the IONP aggregate populations, we
investigated the resulting impact on performance. IONP-based cancer treatment relies on
the fact that superparamagnetic and ferromagnetic nanoparticles produce heat in response
to an alternating magnetic field.23,35,42–44 IONP heating is described by the specific
absorption rate (SAR) which is a function of the excitation field (frequency and magnetic
field strength), IONP properties, and suspending medium.23,43 SAR was characterized for
each of the aggregated suspensions as shown in Figure 3.5. Next, heating versus IONP
concentration was characterized for the suspended aqueous and 2X PBS (“highly
aggregated”) populations (Figure 3.5c). Volumetric SAR (SARV) is expected to vary
linearly with IONP concentration in the absence of significant interparticle or
interaggregate interactions.43 This trend has been shown for dispersed suspensions23 and
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appears to hold for the aggregated (2X PBS) case as well. Aggregates formed in PBS and
FBS had comparable fractal descriptions and so heating in both suspensions followed a
similar trend with DH (Figure 3.5a,b). Specifically, SAR decreased up to 30% with
increasing aggregate size and plateaued for aggregate populations above about 500 nm in
mean DH for solutions. Finally, to better simulate conditions in a tissue environment, the
PBS-induced aggregates were embedded in a 1% agarose mixture (a common tissue
phantom) and heated. The agarose environment caused an additional 20% decrease in
SAR for all cases.

Figure 3.5 Effects of aggregation on IONP heating. Two variations of SAR are used here
- SARV (W/mL, heating in an IONP-laden volume) and SARFe (W/g Fe, heating
normalized based on IONP density, SARV = SARFe x [Fe]). (a) SARV maintains a linear
relationship with IONP concentration in the aggregated state. (b-c) SARFe values
decreased with increasing aggregate size and displayed significantly lower values in the
1% agarose gel. All error bars represent the standard deviation of four measurements.

IONP heating in an alternating magnetic field is attributed to two loss mechanismsBrownian rotation (frictional) and relaxation of the particles’ magnetization (Néelian or
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hysteresis).35,42,43 Néelian relaxation was determined to be the dominant mechanism in
these IONP heating experiments because heating susceptibility did not change
substantially between aqueous and glycerol suspensions (Figure 3.6a). If a portion of the
heating were due to Brownian rotation, a higher viscosity medium such as glycerol would
have caused a substantial decrease in heating compared to the aqueous case. Aggregation
can interfere with the Néelian relaxation process in two ways. First, theoretical modeling
assumes the particles’ anisotropic axis is free to align with the applied field,43 but here the
individual superparamagnetic IONPs were randomly confined in the aggregates and were
likely unable to achieve optimal alignment when the excitation field was applied. Thus,
each aggregate will have an effective anisotropic axis, which may be able to align in
suspension, but may be further bound by the gel matrix (Figure 3.6b). This restriction
may explain the additional decrease in heating observed in the 1% agarose samples.
Second, it is likely that the IONPs within the aggregates experience interactions through
their locally induced magnetic fields (Figure 3.6c). Such interparticle interactions are
typically modeled in terms of dipole systems, where an increase in interactions is
predicted to decrease the particles’ magnetization and heating.13,21 Interparticle
interactions in these cases are largely determined by spacing, although aggregate size and
shape will have some impact.
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Figure 3.6. Details regarding mechanism of heating. (a) SARFe of dispersed (nonaggregated) IONPs was measured in aqueous and glycerol suspensions at various field
strengths, and normalized susceptibilities (which account for solvent effects) were
compared. The similar heating behavior between solvents indicates that the majority of
heat production is the result of a Néelian relaxation mechanism. (b-c) Aggregate shape
and packing density will determine the amount of interparticle magnetic interactions due
to their dipolar behavior, but alignment of the randomly constrained IONPs within the
aggregates may also play a role in the observed effects on heating.
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3.6 SWIFT MR Imaging
Beyond heating, SWIFT and gradient echo (GRE) MRI techniques were used to
image IONP populations in 1% agarose gels. The positive contrast generated by SWIFT
shows clear advantages over GRE, where signal voids occur and the intensity is reduced
to the level of noise for IONP concentrations above ~ 0.1 mg Fe/mL (Figure 3.7).11 This
agrees with previous studies showing that current imaging techniques are unable to
accurately measure IONP concentrations within the range used for clinical hyperthermia
(~ 1 to 10 mg Fe/ml).5,45 Conversely, the SWIFT technique preserves the short-lived
signal of the water protons interacting with the IONPs, thereby maintaining signal
integrity up to at least 3 mg Fe/mL.10,11 Thus, SWIFT can be used to measure the
longitudinal relaxation rate (R1 =1/T1) versus IONP concentration in dispersed and
aggregated suspensions (Figure 3.8).
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Figure 3.7 GRE and SWIFT MRI measurements. (a) MR images are acquired from
‘phantoms’ which consist of truncated NMR tubes filled with the sample to be measured
in 1% agarose gel and surrounded by water. Most often, relevant images are acquired
from the cross section shown by the red rectangle. (b-d) A cross section of the sample
tubes from (a) shows the iron concentration, contrast resulting from GRE imaging, and
contrast resulting from SWIFT imaging, respectively. (e) The SWIFT signal varies nonlinearly with iron concentration but consistently displays a positive value while
traditional GRE signal falls to the level of noise at concentrations greater than 0.1 mg
Fe/mL. (f) T1 maps can be collected via SWIFT for quantitative relaxivity analysis.

Here, the dispersed IONP population maintains a linear relationship between
concentration and R1 throughout the measured range. This correlation remains, but
weakens above 2 mg Fe/mL for the aggregated samples. Even more significant, the
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observed reductions in relaxivities (slope ~ r1 = R1/[Fe]) for the moderately (1.5X PBS)
and highly (2X PBS) aggregated cases appear to correlate with the observed drops in
heating, suggesting R1 can be used as a measure of volumetric heating capacity,
accounting for both localized IONP concentration and aggregation state (Figure 3.8a).
This has significant implications for clinical imaging and pre-treatment planning, where a
map of R1 can be used to better guide delivery and heating of IONPs for improved
outcomes in cancer hyperthermia.

Figure 3.8 Correlation between R1 and SARv. (a) R1 values measured using SWIFT MRI
show a strong correlation to IONP concentration and aggregation state, (b) offering the
potential to use SWIFT MRI as a direct predictor for IONP heating, taking into account
both localized concentration and aggregation state (R1 was correlated with the
experimental heating measurements described in Figure 3.5).

3.7 in vitro Characterization
To further probe the relationship between IONP aggregation, heating, and MRI
contrast, human prostate cancer cells (LNCaP-Pro5)33 were incubated with IONPs for 24
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hours and washed extensively to remove any loosely associated IONPs. TEM images of
the IONP-exposed cells reveal large intracellular and tightly associated extracellular
aggregates. The majority of internalized IONPs are clustered in intracellular
compartments, forming much larger aggregates (Figure 3.9a), but with similar fractal
dimensions to those observed in PBS and FBS. Heating was measured for the IONPloaded cells in suspension and agarose gel (Figure 3.9b). While the cellularly associated
IONPs demonstrated a higher degree of aggregation, there was no additional decrease in
SAR as compared to 2X PBS in agarose. This suggests that there may be a practical limit
to the effects of interparticle interactions and confinement on heating. The IONP-loaded
cells in agarose were also imaged with SWIFT MRI and displayed markedly lower r1
values than the dispersed and aggregated gels (Figure 3.9c). We hypothesize two
contributions to this decrease in intracellular relaxivity. First, TEM indicates that most
intracellular aggregates are localized in cellular compartments, which limits the number
of water protons able to access the IONPs and thus decreases the T1-weighted signal
intensity. Second, as intracellular aggregates are considerably larger than those in
suspension the accessible surface area of each IONP is reduced, again limiting access of
water and decreasing T1-weighted signal intensity. These results and conclusions agree
with previously published work.15,46,47 Despite the observed shift, the linear relationship
between R1 and [Fe] is maintained, so it is still possible to develop a correlation with
heating for the case of cellularly associated IONPs (Figure 3.9d). In addition, the
decrease in longitudinal relaxation is accompanied by a decrease in transverse relaxation
(r2, the signal that determines the upper limit for SWIFT MRI IONP quantitation). In the
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present study, we were able to measure bulk cellular IONP concentrations greater than 4
mg Fe/mL, which approaches the clinically-relevant target of 10 mg Fe/mL. By
capitalizing on this change it will likely be possible to push these limits further.

Figure 3.9. Heating and imaging of IONPs in vitro. LNCaP cells were incubated with
IONPs for 24 h before subsequent analysis. (a) TEM shows large IONP aggregates both
localized on the cell membrane and internalized in cellular compartments (average
observed N of 374 and 248 for intracellular and extracellular aggregates, respectively).
The cell image was created from a collection of TEM images taken at the same
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magnification. The aggregate shapes differ somewhat from those measured in PBS or
FBS suspension (average Df ≈ 1.9 for both intracellular and extracellular aggregates),
displaying more tightly packed structures of lower fractal dimension. Scale bars represent
200 nm in smaller TEM images. (b) The reductions in SAR for the cellularly associated
IONPs were similar to those for 2X PBS in agarose, (c) but a marked decrease in the
longitudinal relaxivity was observed over the aggregated cases; (d) however, SWIFT
MRI still appears to demonstrate a correlation with heating, even shifted to this lower
relaxivity. Error bars represent the standard deviation of four measurements.

These results point to two key limitations of the current approach. First, while linear
trends were demonstrated between R1 and [Fe] for the agarose gel and cellularlyassociated samples, the relaxation rate was much lower in the cellular case. We believe
this is driven by the high packing density and compartmentalization of the aggregates
observed in the intracellular case, both of which reduce access to water protons. While
this warrants further study, we believe the large shift in relaxation rate can be mitigated
through an appropriate IONP coating which better controls aggregation, water access,
and cellular uptake. Second, while the IONP concentrations measured by SWIFT MRI
were an order of magnitude higher than possible with standard MR approaches,11
quantification was still limited to about 3 and 4 mg Fe/mL for the agarose gel and cellular
cases, respectively. While this may be adequate in many cases, localized concentrations
greater than 10 mg Fe/mL are possible in IONP-based hyperthermia treatments, so
further innovations are necessary. The current 3-4 mg Fe/mL limit is largely determined
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by the r2 relaxation rate, so the impact of IONP coating on water access might again be
an important control factor in designing a complimentary approach.

3.8 in vivo Investigation
Ultimately, the goal of this technology is to enable better clinical treatment planning.
Figure 3.10a demonstrates the proposed clinical scheme where tumors would be injected
with an IONP suspension, the tumor would be imaged by MRI, and the resulting R1 could
be correlated to a predicted SAR (thermal dose) for treatment. To demonstrate proof-ofconcept of this technology, preliminary MR imaging was performed in a mouse hindlimb tumor model. Aqueous IONPs were directly injected into the LNCaP tumor at a
dosage of 0.25 mg Fe/mL tumor and imaged 3 hours after injection (Figure 3.10b). While
it is likely that the surfactant-coated IONPs experienced significant aggregation
immediately upon administration and that this resulted in minimal diffusion from the
injection site, the longitudinal relaxation rate map still indicated a clear distribution of
IONPs (Figure 3.10c). Based on the correlation data in LNCaP cells, the maximum local
IONP concentration and SARV would be about 0.55 mg Fe/mL and 0.07 W/mL,
respectively. Continuing work aims to directly correlate IONP concentration, heating,
and imaging contrast in vivo.
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Figure 3.10. Preliminary SWIFT MR imaging in a mouse hindlimb tumor model. (a)
Proposed flow of treatment planning enabled by the relationship between R1 and SAR.
(b) A 0.25 mg Fe/mL tumor dose of aqueous IONPs was directly injected into an LNCaP,
hindlimb tumor. An MR image taken 3 hours after injection showed minimal diffusion
from the injection site (likely due to rapid aggregation), (c) while the longitudinal
relaxation rate map suggested a maximum local IONP concentration of about 0.55 mg
Fe/mL based on the correlation data in LNCaP Cells.
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3.9 Conclusion
In summary, these results demonstrate that aggregation can dramatically influence the
ability of nanoparticles to image and treat disease in biological applications. The size,
shape, and extent of IONP aggregation in solutions, gels, and cells has been
characterized. While using this system of well-defined aggregates, a dramatic reduction
in both heating potential and MRI contrast was demonstrated. SWIFT MRI directly
predicts the reduction in heating experienced during aggregation. Further, SWIFT MRI
can provide an imaging-based prediction of in vivo IONP concentration. This ability can
now be refined in future work to predict heating while accounting for aggregation in
clinical cancer hyperthermia treatments. More fundamentally, the experimental
characterization of IONP aggregate size, geometry, and behavior can be combined with
previous descriptions of dynamic, magnetic dipole interactions12,13,18,21 and aggregated
relaxation15,16 to improve our understanding of the physical processes driving these
changes in IONP heating and imaging. It is possible that enhanced performance of IONPs
can be obtained through coatings that prevent or control interparticle interactions and
subcellular localization; however, these methods and conclusions extend beyond the use
of IONPs for heating and imaging. Biological aggregation is a critical consideration in
the design and application of all nanomaterials intended for use in biological systems.
Technologies to study aggregate formation and its impact on performance, such as those
presented here, are going to be necessary to advance the field towards more effective
clinical treatments.
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Chapter Four
Stabilizing the Properties of Iron Oxide Nanoparticles
with a Functionalized Mesoporous Silica Shell

This chapter was adapted from:
Hurley, K.R.; Ring, H.L.; Etheridge, M.L.; Zhang, J.; Klein, N.D.; Szlag, V.; Chung, C.;
Shao, Qi.; Reineke, T.M.; Garwood, M.; Bischof, J.C.; Haynes, C.L. “Predictable
Hyperthermia and Positive MRI Contrast from a Mesoporous Silica-Coated Iron Oxide
Nanoparticle.” Reproduced with permission from Molecular Pharmaceutics, submitted
for publication. Unpublished work copyright 2015 American Chemical Society.
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4.1 Overview of the Study
As demonstrated in chapter 3, while iron oxide nanoparticles have great potential as
diagnostic and therapeutic agents in cancer and other diseases, biological aggregation
severely limits their function in vivo. Aggregates can cause poor biodistribution, reduced
heating capability, and can confound their visualization and quantification by magnetic
resonance (MR) imaging. Herein, we demonstrate that the incorporation of a
functionalized mesoporous silica shell can prevent aggregation and enable the practical
use of high-heating, high-contrast iron oxide nanoparticles in vitro and in vivo.
Unmodified and mesoporous silica-coated iron oxide nanoparticles were characterized in
biologically relevant environments including phosphate buffered saline, simulated body
fluid, whole mouse blood, lymph node carcinoma of prostate (LNCaP) cells, and after
direct injection into LNCaP prostate cancer tumors in nude mice. Once coated, iron oxide
nanoparticles maintained colloidal stability along with high heating and relaxivity
behaviors (SARFe = 204 W/g Fe at 190 kHz and 20 kA/m and r1 = 6.9 mM-1s-1 at 1.4 T).
Colloidal stability and minimal non-specific cell uptake allowed for effective heating in
salt and agarose suspensions and strong signal enhancement in MR imaging in vivo.
These results show that 1) aggregation can lower the biomedical performance of
magnetic nanoparticles and 2) a coating of functionalized mesoporous silica can mitigate
this issue, potentially improving clinical planning and practical use.
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4.2 Magnetic Nanoparticles for Hyperthermia Therapy
In recent years, thermal treatments such as hyperthermia and cryoablation have
increased in prominence as cancer therapies.1,2 For these uses, localized temperature
application is required because systemic changes in body temperature would be
uncomfortable and potentially damaging. Fine control over heat localization can
potentially be achieved through the use of nanoparticle systems. Iron oxide nanoparticles
(IONPs) in particular have garnered interest due to their inherent magnetic resonance
imaging (MRI) contrast as well as their ability to generate heat upon exposure to an
alternating magnetic field (AMF), providing minimally invasive treatment of deep-seated
regions. Either through direct injection3–5 or the use of a targeting moiety on an i.v.administered particle6,7, these IONPs have the potential to provide heat directly to the
area of treatment while also providing clinicians with an accurate picture of particle
localization and concentration. A number of groups have shown preclinical efficacy for a
variety of cancers,3,8–13 and this approach has been clinically approved in the European
Union for treatment of glioblastoma multiforme.14 Further, this localized IONP-based
hyperthermia has been shown to increase the efficacy of both radiation3,15 and a variety of
chemotherapeutics.13,16,17

4.2.1 The Problem of Nanoparticle Aggregation
Despite preliminary successes, the great potential of IONPs has been limited by
several factors including the need for high field strengths for therapeutically-relevant
heating,18 and the presence of magnetically ‘dead’ sites within some magnetic particles. 19
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One promising IONP candidate, a commercially available IONP from Ferrotec
Corporation (Bedford, NH) called EMG-308, has been shown to heat extremely well
under clinically relevant field strengths and frequencies, outperforming several
commercial and lab-based competitors.18 The EMG-308 also produces high relaxivity for
MRI contrast.20 However, the advantages of this particle (and many others) is
substantially diminished when placed in biological suspensions due to considerable
aggregation.20–26 As shown in chapter 3, when exposed to buffers, 1% agarose gel, or
LNCaP prostate cancer cells, the specific absorption rate (SAR, a measure of heating
ability expressed in W/g Fe or W/g tissue) drops by up to 50% of the original value, and
the longitudinal relaxivity (r1, a measure of MRI contrast agent performance) drops even
further (~70% lower than original).20 In addition, this extensive aggregation will surely
impact the IONP’s in vivo biodistribution.27
To harness the potential of EMG-308 IONPs and other such nanoparticles for cancer
treatment

applications, aggregation must be controlled while maintaining the high

heating and imaging capacity of the IONPs. Researchers have mitigated aggregation in
some cases through the use of organic coatings such as liposomes, carbohydrates, or
polyethylene glycol (PEG), as well as inorganic coatings including gold or silica. 28–31
Aggregation can also be controlled through the use of polymer encapsulation
techniques.32 Although these coatings are sometimes tested for colloidal stability in
biologically-relevant environments such as protein-containing or high salt solutions33–38,
this is not always the case. In addition, polydisperse or high molecular weight dispersants
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such as chitosan or dextran tend to have poor affinity for the surface of the nanoparticle,
resulting in facile ligand exchange and nanoparticle aggregation over time.39

4.2.2 Functionalized mesoporous silica coating for biological stability
An additional coating candidate, mesoporous silica, has many positive characteristics
as a stand-alone particle, chief among them being resistance to biological aggregation.40–
42

In a coating form, it has the additional advantages of 1) providing protection for the

core against degradation (due to oxidation and dissolution as shown in chapter 2), 2)
being readily functionalized, and 3) possessing surface area and pore volume to hold
large amounts of molecular cargo, if desired.42–45 Indeed, many researchers have
demonstrated the ability of modified mesoporous silica nanoparticles to act as stimuliresponsive depots for a variety of small molecules and proteins.42,46,47 In addition,
mesoporous silica is generally regarded as biocompatible48–50 and can break down in the
body via slow dissolution.51–53 This range of function and tunability offers the potential
for optimal modification of IONP platforms for imaging and therapeutic applications.
While many examples of core/shell iron oxide/mesoporous silica nanoparticles have been
reported, the focus is often on the ability of the core to act as a contrast agent and/or a
drug release mechanism.44,54–60 To our knowledge, the larger approach of obtaining
predictable contrast and heating capabilities for the purpose of practical treatment
planning has not yet been explored for these systems.
Herein, we demonstrate that the inclusion of a functionalized mesoporous silica
coating on EMG-308 IONP cores results in long-term colloidal stability in biologically101

relevant environments while maintaining predictable and consistent heating and imaging
behavior. Despite many candidate materials for imaging and magnetic fluid
hyperthermia, to our knowledge this is the first instance where a single nanoparticle
platform has demonstrated predictable and reproducible behavior in vitro and in vivo as a
result of colloidal stability. This work also represents one of the first thorough
characterizations of heating abilities of mesoporous-silica coated magnetic nanoparticles.
As depicted in Figure 4.1, this platform particle makes the high-performance IONP core
biomedically viable, opening up options for truly effective disease imaging and
hyperthermia treatment as an adjuvant to chemo- or radiation therapy. In addition, while
this work focuses on the high-heating EMG-308 IONP, the mesoporous silica platform
and results should be translatable to any electrostatically-stabilized magnetic nanoparticle
core.
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Figure 4.1. The cost of IONP aggregation is diminished performance in biological
environments. With a PEG-functionalized mesoporous silica coating, the IONPs remain
largely outside cells and well-separated from one another. This colloidal stability and
lower cell uptake minimizes artifacts (signal voids) in MR images and provides
improved, predictable heating performance.
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4.3 Experimental Section

4.3.1 Chemicals
Tetraethylorthosilicate (TEOS), n-cetyltrimethylammonium bromide (CTAB), and
polyvinylpyrrolidone (PVP-10, average molecular weight 10,000) were purchased from
Sigma

Aldrich

(Milwaukee,

WI).

2-[methoxy(polyethyleneoxy)-propyl]9-12-

trimethoxysilane (PEG-silane, molecular weight 596-725 g/mol, 9-12 EO) was obtained
from Gelest, Inc. (Morrisville, PA). Chlorotrimethylsilane (TMS, >99%) was purchased
from Fluka. Ethanol (95 and 99%) was purchased from Pharmco-Aaaper (Brookfield,
CT). EMG-308 Ferrofluid was purchased from Ferrotec (Santa Clara, CA). Ammonium
hydroxide (NH4OH, 28%) was obtained from Avantor Performance Materials.
Ammonium

nitrate

(NH4NO3)

was

purchased

from

Mallinckrodt

Chemicals

(Phillipsburg, NJ). Phosphate buffered saline (PBS, 10x) was obtained from Life
Technologies. Fetal bovine serum (FBS, 100%) was purchased from Hyclone (Logan,
UT). Ultra-pure water was generated using a Millipore Milli-Q water purification system
(Billerica, MA).

4.3.2 Synthesis and Purification
Synthesis

of

core/shell

nanoparticles

was

modified

from

our

previous

procedures.40,43,56 First, 0.6 g PVP-10 were added to 5 mL MQ H2O and dissolved with
sonication (bath sonicator, Branson 2510). While sonicating, 400 µL of stock EMG-308
(47 mg Fe/mL as measured by ICP-OES) was added to the solution. The suspension was
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sonicated intensely for 1 h, and then 0.29 g of CTAB were added. The suspension was
sonicated for an additional 1 h. Next, 145 g of ultrapure water were added to a 250 mL
Erlenmeyer flask which was then placed in the sonicator. While sonicating, the ironcontaining suspension was slowly pipetted into the aqueous solution, allowing ample
time for individual droplets to disperse. The resulting rusty orange suspension was
allowed to sonicate for 1 h. The flask was then placed in an oil bath at 50°C, and the
suspension was stirred at 300 rpm for about 15 min to allow temperature equilibration.
Next, 2.5 mL of 28% NH4OH was added to make the synthetic solution basic, and
stirring was increased to 700 rpm. After 5 minutes, 2.5 mL of 0.88 M ethanolic TEOS
were added dropwise. The suspension was stirred at 700 rpm for 1 h before adding 450
µL PEG-silane. After an additional 30 min of stirring, 68 µL of TMS were added (a
plastic petri dish was utilized to prevent fumes from escaping the Erlenmeyer flask while
TMS reacted). The suspension was allowed to stir for 30 min, then transferred to a 250
mL beaker without a stir bar and allowed to age at 50°C for 20 h. This aging period
allows silica condensation and water evaporation for easier suspension workup.
All samples underwent deoxygenated hydrothermal treatment as described in chapter
2.43 Samples were sparged with nitrogen gas for 15 minutes and then vacuum sonicated
with repeated evacuation and nitrogen backfilling to remove the majority of the oxygen
in the system. The headspace of each sample container was filled with nitrogen prior to
treatment in a drying oven at 90°C.
Following hydrothermal treatment, samples were purified via a series of
centrifugation steps as described in our previous work.40,43 The suspension was
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centrifuged at 66,000 xg for 30 min and redispersed in 50 mL of 6 g/L ethanolic
NH4NO3. The NH4NO3 suspension was stirred at 300 rpm and 60 °C for 1 h to assist in
the removal of excess CTAB surfactant. The sample was centrifuged again at 66,000 xg
for 15 min and redispersed in 95% ethanol. The NH4NO3 step was repeated, followed by
centrifugation for 15 min and redispersal in 95% ethanol. The samples were centrifuged
and redispersed in 99% ethanol twice more to complete the purification process.

4.3.3 Materials Characterization
Dynamic light scattering and zeta potential measurements were performed on a
Brookhaven Zeta PALS instrument with a 635 nm diode laser at 15 mW of power.
Samples were run in materials triplicates. For DLS, the intensity-averaged results are
reported as the average of three instrumental 1-minute runs. For zeta potential
measurements, results are reported as the average of five instrumental runs with 10 s wait
periods between each run.
Transmission electron microscopy was performed on a Tecnai T12 transmission
electron microscope operating at 120 kV for all samples. Nanoparticle samples were
deposited on a 200 mesh copper TEM grid with carbon and formvar supports (Ted Pella,
Inc.) by briefly dipping the grid into an ethanolic suspension of nanoparticles and
allowing the grid to air dry. Cell and tissue samples were embedded into resin via a
typical process of fixation, staining with 1% osmium tetroxide, dehydration, epoxy
infiltration, and curing.20 Resin blocks were sliced into 60-70-nm-thick sections with a
Leica EM UC6 ultramicrotome.
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Powder x-ray diffraction of msIONPs was performed on a Siemens D5005 instrument
with a copper source. Data was collected with a step size of 0.18 degrees 2θ and a dwell
time of 1s. X-ray diffraction of as-received IONPs was performed on a PANlytical X’pert
MPD diffractometer utilizing a cobalt source and an X’Celerator detector.
Benchtop relaxometry measurements were performed with a Bruker Minispec mq60
NMR Analyzer (Billerica, MA) at 60 MHz. T1 relaxation values were obtained via an
inversion recovery sequence with 12 acquisition points. T2 relaxation values were
obtained with a Carr-Purcell-Meiboom-Gill sequence. Both measurements were
performed at 37 °C on 400 µL solutions with low mM iron concentrations.
Nitrogen physisorption measurements were performed on a micromeritics ASAP
2020 surface area and porosity analyzer. Samples were powdered by evaporation from
ethanol suspensions and finely ground with a spatula. Before physisorption
measurements, samples were degassed at 120 °C for 8 h. BET theory was used to
calculate surface area, and BJH/KJS methods were used to calculate pore volume and
pore diameter.
ICP-OES quantitation of iron was performed on a Thermo Scientific iCAP 6500 dualview ICP-OES (West Palm Beach, FL) with 1150 W power. Samples at roughly 1
mg/mL were diluted 10-fold with a 10% solution of H3OBF4 (prepared by reacting 358
mL of concentrated HF with 125 g of boric acid) to allow full dissolution of silica. Note:
HF is a corrosive acid and a contact poison. Extreme care should be used while handling
this chemical. Solutions were allowed to sit until they became clear and colorless. They
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were then diluted another 10-fold with 0.2 M HNO3 for iron digestion, and yttrium was
used as an internal standard.

4.3.4 Aggregation Study
For the room temperature PBS studies, particles were dispersed in water or PBS
solutions at 1X, 1.25X, 1.5X, 1.75X, or 2X at a concentration of 0.3 mg Fe/mL. Samples
were mixed gently with a pipet for one minute and then allowed to sit at room
temperature for one minute before the 0 h DLS measurement was taken. To disperse
particles in high concentrations of FBS, particles were dried from ethanol, and the
powders were added to 100% or 50% FBS. The powders were suspended at 0.3 mg
Fe/mL with sonication for five minutes, allowed to settle for five minutes, and then
measured by DLS for the 0 h time point. Samples in both PBS and FBS were kept sealed
and stored at room temperature. For the SBF studies, particles were dispersed in
simulated body fluid, mixed gently for one minute, and allowed to sit at 37 °C for one
minute before the 0 h measurement. Samples were sealed and stored in an incubator at 37
°C. All DLS measurements for the SBF study were performed at 37 °C.

4.3.5 in vitro IONP or msIONP Exposure
A monolayer of prostate cancer cells (lymph node cancer of the prostate, LNCaPPro5)61 was incubated with 0.5 mg Fe/mL IONPs or msIONPs in Dulbecco’s Modified
Eagle’s Medium (DMEM) for 24 hours in 75 cm2 T-flasks at 37 °C and 5% CO2. The
cells were then washed with phenol-red free Hank’s balanced salt solution (HBSS) five
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times to remove any non-cellularly associated IONPs, detached, pelleted, and then
resuspended in cell media.

4.3.6 Viability Study
Neonatal human dermal fibroblasts (HDFn) from Life Technologies (Thermo Fisher
Scientific) were used in conjunction with a MTT assay to evaluate the nanoparticle
cytotoxicity. The assay was performed as previously published.40 Briefly, the HDFn cells
were plated at a density of 5× 103 cells per well in a 96 well plate. The cells were
cultured in DMEM which contained 10% FBS and 1% penicillin streptomycin (PS) at 37
°C under 5% CO2 for 24 hours. The fibroblasts were then incubated in triplicate with 100
μL of the nanoparticle dose, which were suspended in serum-free DMEM. The negative
control received 100 μL of serum-free DMEM, and the positive control 100 μL of 5.8
mM CTAB. Controls for particle/cell interaction and particle/MTT interaction were also
performed at all doses for all particle types. After 24 hours, the cells were washed twice
with 100 μL aliquots of serum-free DMEM and incubated for two hours with 100 μL of 5
mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium dissolved in serum-free
DMEM. After the media was removed, the cells were lysed with 200 μL of dimethyl
sulfoxide, dissolving the metabolically produced formazan crystals. A new plate was
prepared by transferring 100 μL from each well of the cell growth plate, and the new
plate was read by a BioTek H1 Hybrid Reader at 570 and 655 nm. To determine viability,
the absorbance measurements were taken in triplicate at 655 nm and were subtracted
from the baseline absorbance at 570 nm. The difference in the absorbance was averaged
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and was normalized to the negative control. The statistical significance of the different
particle treatments and doses was first assessed by a nested two factor ANOVA.
Significance was further investigated through single factor ANOVA of each treatment
type and each dosage level, followed by a Tukey’s post hoc test. A p-value of 0.05 was
used to determine statistical significance for all analyses.

4.3.7 SAR Measurements
Heating methods, experimental setup, and applied fields have been previously
described in detail.18,20 Briefly, a 1 kW Hotshot inductive heating system with a 2.75turn, water-cooled copper coil (Ameritherm Inc., Scottsville, NY) was used to generate
the alternating magnetic field, adjustable up to 24 kA/m (volume-averaged peakamplitude across the sample) with an applied frequency fixed at 190 ± 10% kHz.
Reported SAR data were acquired at 20 kA/m field strength. Each 1 mL sample in a
plastic microcentrifuge tube was insulated and centered in the inductive coil and heated
for three minutes and the temperature was continuously recorded with a Luxtron 3100
fluoroptic thermometry system (Luxtron Inc., Santa Clara, CA). The SAR was estimated
from the maximum linear fit within the initial minute of heating (typically the first 15-20
seconds), based on the rate of temperature rise method and a custom fitting routine.18,20

4.3.8 Animal Handling and in vivo Studies
All animal procedures and care were approved by the University of Minnesota
Institutional Animal Care and Use Committee. The male nude mice (NU/J, The Jackson
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Laboratory, Bar Harbor, Maine, USA) weighing 20 to 25 g were housed according to
these procedures. Mice received subcutaneous hindlimb injections of 1 million LNCaP
cells. Experiments were conducted after 4-6 weeks when the tumors reached an average
diameter of 8 to 10 mm. Each animal was initially anesthetized in an induction chamber
with 3-5% isoflurane and 50% nitrous oxide and then maintained during imaging via a
nose cone at 1-2% isoflurane and 50% nitrous oxide. Baseline imaging was performed
once the animal was anesthetized according to the MRI protocols described below. The
mouse tumors were directly injected with 6.25 mg Fe/mL nanoparticle concentration at a
volume that obtained a 0.5 mg/g tumor. The nanoparticles were incubated for 2.5 hours
and 4.5 hours for msIONPs and IONPs, respectively. The mice were not anesthetized for
the injection or the incubation period. The discrepancy in time is caused by the variability
in the experimental setup time required for in vivo MRI. However, during time course
measurements on similar magnetic particles, we have observed that there is negligible
change in MRI contrast and distribution between the 2.5 and 4.5 hour marks. Each animal
was euthanized at the completion of the second imaging session.

4.3.9 Magnetic Resonance Images
SWIFT MR measurements were performed with a 31-cm bore 9.4 T magnet equipped
with a DirectDrive spectrometer (Oxford Magnet/Agilent DirectDrive Console, Agilent
Technologies, Santa Clara, CA). SWIFT images were acquired with minimal acquisition
delay (TE ≈ 0 ms), repetition time (TR = 2.7 ms), and flip angle = 10º. Radiofrequency
transmission and signal reception were performed with a home-made three-loop coil with
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an inner diameter of 2 cm. The SWIFT sequence parameters were: bandwidth = 384
kHz, field-of-view (FOV) = 50 x 50 x 50 mm, and image matrix size = 512 x 512 x 512.
The total scan time is about three min. The GRE sequence parameters were: TE =2.5 ms,
TR= 4.9 ms, flip angle = 15 °, bandwidth = 100 kHz, field-of-view (FOV) = 50 x 50 x 50
mm, image matrix size = 256 x 256 x 256, and the total scan time is about five minutes.

4.3.10 Histology
The mice were sacrificed after the imaging study was completed. Tumors for
histological analysis were collected and then fixed with 10% buffered formalin for 36
hours. Paraffin tissue sections of 4 µm thickness were sliced by a microtome for
histological analysis. Prussian blue counterstained by nuclear fast red was used to
determine the qualitative accumulation of the iron nanoparticles in the tumor tissue
sections.

4.4 Nanoparticle Synthesis and Characterization
The functionalized mesoporous silica-coated IONPs (msIONPs) were synthesized as
shown in Figure 4.2. Other researchers have coated various IONPs with mesoporous
silica;44,54–58 however, the existing surface chemistry of EMG-308 (a proprietary anionic
surfactant) required modifications from the traditional procedure. To ensure effective
IONP encapsulation, the silica precursor must condense near the IONP, using it as a
‘seed.’56 In traditional syntheses, hydrophobic IONP coatings facilitate this colocalization due to their favorable interaction with the hydrophobic tails of the surfactant,
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cetyltrimethylammonium bromide (CTAB). The silica precursor preferentially condenses
on CTAB micellar scaffolds, resulting in a highly reproducible core/shell structure. Due
to a lack of favorable hydrophobic interactions to anchor CTAB to the EMG-308 IONP,
we found it necessary to use an additional layer of polyvinyl pyrrolidone (PVP-10, MW
10,000) to achieve surfactant template assembly. When sonicated with PVP-10 and
CTAB in series prior to silica precursor addition, the IONPs proved sufficiently stable to
act as seed sites. Figure 4.3 compares TEM images of particles that were synthesized
with and without PVP-10; substantial IONP clustering occurs when PVP-10 is absent,
and the IONPs are more likely to be located at the edges of particles than in the center.
These characteristics are likely the result of poor IONP colloidal stability and disordered
CTAB micelle formation prior to seeding of silica precursors.

Figure 4.2. Synthesis of msIONPs. PVP-10 was added to IONPs prior to CTAB addition
and silica condensation to allow for CTAB co-localization with IONPs and to maintain a
spacer layer between the silica shell and IONP core.
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Figure 4.3. TEM comparison of msIONP morphology without (left) and with (right)
PVP-10 addition ahead of silica condensation. The addition of PVP-10 helps to stabilize
the IONPs before coating, leading to fewer IONP cores per particle. It also helps to
localize CTAB near the IONPs, contributing to more centered core/shell structures.

Surface functionalization of the condensed silica has been utilized previously in our
group to enhance colloidal stability. The incorporation of polyethylene glycol (PEG),
chlorotrimethyl silane (TMS), and a hydrothermal treatment all contribute to high ligand
surface coverage and more complete condensation of dangling silanol bonds, both of
which mitigate particle-particle interactions and subsequent aggregation.40
Standard particle size characterization of IONPs and msIONPs can be found in Figure
4.4 and Figure 4.5. Transmission electron microscopy (TEM) shows EMG-308 to be
composed of polydisperse and irregularly shaped IONPs with an average diameter of ~10
nm. Dynamic light scattering (DLS) of these IONPs in water, however, reveals a much
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larger hydrodynamic diameter of 60 nm, indicating that these particles exist as small
agglomerates in suspension. This hypothesis agrees with our previous work20 and is
further confirmed with cryogenic TEM (see Figure 4.4b inset). In contrast, msIONPs are
relatively uniform particles with 1-2 IONP cores per particle and an average TEM
diameter of 60 ± 2 nm (n=500). DLS agrees well, measuring 74 ± 2 nm as the
hydrodynamic diameter, suggesting that the colloidal nanoparticles are not clustering in
suspension following functionalized mesoporous silica coating. This sub-100 nm
hydrodynamic diameter has been shown to be advantageous both for circulation and
uptake into tumor vasculature.62,63
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Figure 4.4. Size characterization of IONPs and msIONPs. a) TEM images of relatively
polydisperse IONPs as dried from water. Scale bar represents 50 nm. b) The DLS
hydrodynamic diameter is substantially larger than dry TEM diameter, indicative of
clustering in suspension (shown by cryo-TEM in inset). c) msIONPs are tightly
distributed particles with hexagonal pore ordering within the silica shell and 1-2 IONP
cores per particle. Scale bar represents 100 nm. d) TEM and DLS size distributions for
msIONPs are narrow and agree with one another.
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Nitrogen physisorption measurements (Figure 4.5) show an overall surface area of
324 m2/g and a pore volume of 0.48 cm3/g. Although low when compared to mesoporous
silica nanoparticles without the magnetic core (typically ~1000 m2/g and 1 cm3/g), these
values are reasonable when taking into account the inclusion of an IONP core and the
extensive surface functionalization.40,45,57 X-ray diffraction (Figure 4.5) shows a broad
peak near 2 degrees 2θ, indicative of mesopores in a somewhat disordered hexagonal
array. Peaks at higher angles can be indexed to Fe3O4 or γ-Fe2O3, in agreement with the
XRD pattern of the IONP cores. In typical syntheses of core/shell particles similar to
these, the iron oxide core is likely to oxidize to entirely γ-Fe2O3, which has decreased
saturation magnetization compared to Fe3O4 of the same particle size.64,65 To minimize
this issue, deoxygenated conditions were used during hydrothermal treatment as per
chapter 2.43
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Figure 4.5. Additional materials characterization of msIONPs. (a) Nitrogen physisorption
displays a typical type IV isotherm indicative of mesopores. Inset: BJH pore volume
calculations show primary pore sizes of about 2 nm with some larger voids at >10 nm these are likely indicative of interparticle spacing, not pores within individual particles.
XRD displays characteristic peaks for ordered hexagonal pores (b). Peaks characteristic
of Fe3O4 or γ-Fe2O3 (c) are retained once coated with silica (d). * indicates Al peak from
XRD holder. An additional amorphous silica peak also becomes apparent (d, 2θ=20
represented by ‡). Note: (c) was acquired with a Co source while (d) was acquired with a
Cu source, hence the offset in degrees 2θ. Upon coating with silica, r1 and r2 relaxivities
decrease (e and f). Error bars represent standard deviation between three materials
replicates. * p < 0.001
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4.5 Colloidal Stability and Biological Effectiveness
To compare colloidal stability, IONPs and msIONPs were suspended in phosphate
buffered saline (PBS) of various salinities at room temperature for four hours. DLS,
shown in Figure 4.6, demonstrates that IONPs without a mesoporous silica coating
aggregate substantially over the course of four hours while msIONPs show no change in
hydrodynamic diameter. Photographs (Figure 4.6c) of each sample 24 hours later show
that IONPs in high concentrations of PBS have completely sedimented while msIONPs
remain visually suspended. Similar studies were performed in fetal bovine serum (FBS)
to evaluate the effects of protein adsorption to the nanoparticle surface. Again, msIONPs
remain suspended while IONPs aggregate substantially as measured by DLS and by eye
(Figure 4.6d,e). To further demonstrate the biological stability of msIONPs, samples
were placed in simulated body fluid66 at 37 °C for 17 days (Figure 4.6f). The
hydrodynamic diameter did not change significantly during that time, indicating that even
salinities approaching that of human plasma do not induce biological aggregation for
msIONPs.
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Figure 4.6. Colloidal stability of IONPs and msIONPs. (a) IONPs in high concentrations
of PBS begin to aggregate within one hour, reaching aggregates of ~700 nm
hydrodynamic diameter after four hours of incubation. (b) In contrast, msIONPs at the
same PBS concentrations do not aggregate over four hours. (c) This point is further
demonstrated visually after 24 hours when most IONPs have sedimented and msIONP
suspensions remain transparent (well-suspended). (d) In FBS at room temperature,
aggregation takes longer, but still occurs for IONPs and not msIONPs. (e) Very strong
light scattering and opacity demonstrates the substantial aggregation occurring for IONPs
in FBS at 50% and 100%. (f) When suspended in simulated body fluid at 37 °C,
msIONPs still remain colloidally stable for at least 17 days. Error bars represent standard
deviation of three analytical replicates; when error bars are not visible on the plots, it is
because they are within the size of the corresponding data point symbol.
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Visual aggregation in whole human blood was assessed with dark field light
microscopy. IONPs incubated in whole mouse blood aggregated substantially while
msIONPs did not (Figure 4.7). Interestingly, zeta potential measurements of IONPs and
msIONPs in water, 1X PBS, 2X PBS, 50% FBS, and 100% FBS show a dramatic loss of
surface charge for both species as soon as salt or protein is present. These data suggest
that the colloidal stability of msIONPs is largely due to steric stabilization from the
relatively short PEG and TMS surface groups. In several other studies of IONP stability,
zeta potential is often highly correlated with stability even in situations where steric
stabilization is expected to be the primary defense against aggregation.34,35,38 For this
particular surface, then, we suggest that dense surface coverage provided by the comodification approach40 makes steric stabilization effective despite the lack of
electrostatic repulsion.
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Figure 4.7. Dark field light microscopy of IONPs and msIONPs in whole mouse blood.
Samples were incubated in fresh whole blood at 3.34 mg Fe/mL (a reasonable
concentration for i.v. injection) for five minutes before imaging with a CytoViva dark
field microscopy system at 100x. a-c) controls of blood, IONPs, and msIONPs
respectively. d-e) Substantial IONP aggregates are visible, indicated by white arrows. f)
no aggregates of msIONPs larger than the diffraction-limited resolution of visible light
imaging (~200 nm) are present. g) Zeta potential of IONPs and msIONPs in various
media. One-way ANOVA shows that IONPs and msIONPs in water are not statistically
different from one another (p>0.05) but that either particle in PBS or FBS is statistically
different (p<0.05) from the particles in water. Error bars represent the standard deviation
between five instrumental replicates.
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To demonstrate the effects of colloidal stability on heating, IONPs and msIONPs
were incubated in water, PBS, and agarose gel. In water, silica coating does result in a
lower SAR (~17% lower than uncoated IONPs). This decrease could be due to slight
oxidation during synthesis (this would correlate well with a small drop in r2, see Figure
4.5) or the minority of particles where more than two or three IONPs are encapsulated in
one msIONP. TEM of 500 randomly sampled msIONPs shows 26 particles (~5% of the
sample) containing more than three IONP cores (up to nine for one msIONP measured).
For the same reason that SAR of EMG-308 IONPs decreases with aggregation, the SAR
of this subset of particles could be lower than the original IONPs. When the IONP cores
are in close proximity, magnetic interactions and misaligned magnetic dipoles will lead to
sub-optimal net magnetic moments.20,67,68

Incubation in media with increasing

complexity to mimic the salinity (2X PBS) and viscosity (1% agarose gel) of tissue
results in drastically different behavior for IONPs and msIONPs (see Figure 4.8). IONPs
without further functionalization aggregate under these conditions,20 which induces a
dramatic drop in SAR, while msIONPs maintain their dispersity and a stable SAR.
Clearly, there is a trade-off here between maximal SAR and practical application of
materials in complex biological environments. It is important to note that if IONPs
experience varying degrees of aggregation in the body69 (and thus varying drops in SAR),
the stable mesoporous silica shell should ensure consistent heating, regardless of the
physiological environment. This is essential for treatment planning in IONP hyperthermia
applications, where it is critical to have an accurate prediction of localized heating
potential.
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Figure 4.8. SAR of IONPs and msIONPs after incubation with various media (190 kHz
and 20 kA/m acquisition parameters). Progressively complex and viscous materials
(water to PBS to 1% agarose gel) result in aggregation and a subsequent decrease in SAR
for IONPs in agreement with previous work.20 In contrast, msIONPs demonstrate a lower
SAR in water but maintain that value in all tested media. Because the 2X PBS and 1%
agarose mixture is intended to mimic biological environments like tissue or extracellular
matrix, the SAR stability of msIONPs in this media is especially promising for clinical
planning and treatment effectiveness. Error bars represent standard deviation between
replicates of particles (n=4 for IONPs in water and 2X PBS, n=3 for all other conditions).
Statistical significance from IONPs in water is shown with asterisks (***p<0.001,
****p<0.0001) and significance from msIONPs in water is shown with crosses (†
p<0.05). Only relevant statistical differences are shown.
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4.6 Cellular Uptake, Localization, and Toxicity
To investigate the behavior of uncoated IONPs and msIONPs in vitro, the
nanoparticles were incubated with a common LNCaP prostate cancer cell line. Uncoated
IONPs are readily taken up by LNCaP cells during a 24 hour exposure at 0.5 mg Fe/mL.
As can be seen in Figure 4.9, the IONPs are gathered in large clusters, sometimes
consisting of thousands of individual IONPs. Most clusters are localized in endosomes
and lysosomes, with very few instances of localization in the cytosol, mitochondria, or
nuclei. The uptake mechanism appears to be non-specific endocytosis which can occur in
a variety of cell types, both cancerous and healthy. Uptake into healthy cells could result
in collateral damage during AMF treatment. Further, the close proximity of so many
IONPs (while not technically ‘aggregation’) is likely to cause drops in SAR (as in Figure
4.8) and distortions in MR imaging.
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Figure 4.9. IONP and msIONP uptake and localization in LNCaP prostate cancer cells.
Uncoated IONPs (top) are readily taken up into the cells and exist in large clusters of
thousands of particles. In contrast, msIONPs (bottom) are taken up infrequently and in
much smaller groups. In both cases, the majority of internalized nanoparticles are
localized in endosomes and lysosomes. Scale bars represent 200 nm. Images of whole
cells can be found in Figure 4.10.
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Figure 4.10. Low magnification images of whole LNCaP cells exposed to IONPs (top) or
msIONPs (bottom). Cells exposed to IONPs contain large clusters consisting of
thousands of nanoparticles. Cells exposed to msIONPs took up many fewer particles
(average of 1-2 particle-containing vesicles per cell) as determined by magnified
examination of each whole cell. The dark fibrous lines in third image on the top are
staining artifacts from the TEM preparation. All scale bars represent 2 µm.

The PEG/TMS surface functionalization of msIONPs results in very low uptake into
LNCaP prostate cancer cells under the same conditions (24 h, 0.5 mg Fe/mL exposure).
Figure 4.7 shows that the zeta potentials of IONPs and msIONPs are not statistically
different, supporting the idea that a difference in surface functionalization, not charge, is
the primary factor affecting uptake. Figure 4.9 shows images of endosomes containing
IONPs (top) or msIONPs (bottom). Of the cells analyzed by TEM, each msIONPexposed cell averages 1-2 endosomes containing <30 nanoparticles each. Compared to
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the thousands of internalized uncoated IONPs, this can be defined as minimal nonspecific
uptake. Grafting of targeting ligands to the silica shell in future work should enable
uptake into specific cell types or organelles while the general ‘stealth’ character of these
msIONPs will minimize nonspecific uptake. Importantly, if nanoparticles are
functionalized and taken up for future applications, their close proximity in
endosomes/lysosomes is unlikely to cause SAR loss or MRI distortions as occurs with
uncoated IONPs because of the thickness of the mesoporous silica shell. Magnetic dipole
interactions are distance-dependent according to 1/r6.70 Even the small physical
separation imposed by the mesoporous silica shell should be enough to minimize
magnetic dipole interactions.
Any theranostic agent should be minimally toxic to healthy cells. Previous iterations
of this nanoparticle with similar surface functionalization but no IONP core have been
shown to be non-toxic to human red blood cells, skin fibroblasts, and endothelial
cells.40,41 In this study, we investigated the effects of a range of nanoparticle doses on
human skin fibroblasts (HDFn) due to the likelihood of exposure to this cell type during
direct injection. Concentrations for msIONPs are given in terms of total nanoparticle
mass concentration. Uncoated IONP and mesoporous silica nanoparticles lacking IONP
cores (ms) doses were normalized to the amount of iron/silica in the equivalent msIONP
dose. For example, 1000 µg/mL of msIONPs contains 63.5 µg/mL Fe as measured by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The results
following a 24 h exposure are shown in Figure 4.11. In agreement with previously
published work, the viability of HDFn cells incubated with all doses of ms did not
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statistically differ from the negative control. Similarly, all doses of msIONPs were shown
to have no influence on the survival of cells, with cell viabilities that did not statistically
deviate from the negative control. The viability of the cells incubated with the highest
concentration of IONPs was statistically higher than that of the negative control. The
increased viability over the negative control is not due to iron dissolution (Figure 4.11b)
but could potentially be a result of cells metabolizing the IONP surface coating.
Regardless, all conditions are shown to have no detrimental effects under these
incubation conditions.

Figure 4.11. in vitro toxicity of IONPs and msIONPs. a) Viability presented as a ratio to
the negative control of human skin fibroblasts upon 24 h exposure to ms, msIONPs, or
IONPs. Data represents mean ± standard deviation of triplicate measurements. Asterisk
denotes statistical significance against negative control (p < 0.05). All trials were
statistically different from the positive control. b) To investigate the increased viability of
HDFn fibroblasts upon incubation with the highest dose of IONPs, both msIONPs and
IONPs were incubated in serum-free DMEM at 37 °C for 24 h. The samples were
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centrifuged at 17,000 x g for 30 min to separate the solid particles and an aliquot was
removed for ICP-OES analysis of iron content. At 24 h, the concentrations of iron in both
msIONP and IONP supernatants was not significantly different from the DMEM control,
indicating that iron dissolution and subsequent metabolism by the fibroblasts was not the
reason for their increased viability.

4.7 in vivo Magnetic Resonance Imaging
To further demonstrate the utility of msIONPs, a preliminary in vivo MRI study was
performed using both gradient echo (GRE) and sweep imaging with Fourier transform
(SWIFT) techniques to obtain negative and positive contrast, respectively, from IONPcontaining regions.71,72 As mentioned previously, when IONPs aggregate, their effective
relaxivity drops drastically depending on the extent of aggregation, making accurate iron
quantitation difficult.20,72 At sufficiently high regional concentrations, close IONP
proximity (i.e. clusters of IONPs) introduces a secondary issue in the form of artifacts or
signal voids in images. Figure 4.12 (top panel) shows a SWIFT image of a murine hind
limb tumor which has been directly injected with a dose of IONPs equivalent to 0.5 mg
Fe/g tumor tissue. Although SWIFT MRI has been shown in chapter 3 to allow accurate
quantitation of IONPs up to 3 mg/mL in agarose phantoms72 the complexity of the in vivo
system and the clustering of IONPs for extremely high regional concentrations contribute
to image distortions that prevent quantitation or even visualization of the tumor region. In
contrast, injection with the same iron dose of msIONPs displays a bright region which
allows effective visualization of the tumor and a preliminary analysis of iron distribution
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(Figure 4.12 bottom panel). This clarity is presumably due to a more even distribution of
msIONPs within the tumor tissue. Histologic images support this conclusion (Figure
4.13). Tumor tissue slices taken 3-4 h after injection of IONPs show clumps of ironcontaining particles surrounding and infiltrating cells while msIONPs are qualitatively
more dispersed. It should be noted that GRE imaging of msIONPs at this concentration
for negative contrast results in a signal void much larger than the region occupied by
msIONPs (Figure 4.12 bottom panel). Based on these observations, we conclude that at
iron concentrations 0.5 mg Fe/g tissue and above, both SWIFT MRI and an even
distribution of non-aggregated particles are necessary for effective visualization of a
tumor injected with magnetic nanoparticles such as these IONPs.
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Figure 4.12. MR Images of murine hindlimb LNCaP tumors injected with IONPs (top
panel) or msIONPs (bottom panel). The top panel shows SWIFT MRI of IONPs with
image distortions caused by a high local IONP concentration. Magnified images (center
and right) show signal voids in the tumor region. In the bottom panel, one tumor is shown
from two perspectives. Typical gradient echo (GRE) MRI (left) shows a large signal void
greater than the area of msIONPs uptake. With SWIFT MRI (center and right), msIONPs
can be imaged clearly with positive contrast and without the image artifacts arising from
high local iron concentrations.
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Figure 4.13. Histology sections stained with Prussian Blue show regions of high iron
concentration in tumors treated by IONPs or msIONPs. Because both tumors were
injected with equal amounts of iron, the dispersity of iron in the msIONP slices suggests
that the particles were more regularly distributed throughout the tumor, although still
present at a high enough concentration to generate a strong signal for SWIFT MRI. In
contrast, injected uncoated IONPs appear as clusters, probably due to aggregation and
cell uptake. Scale bars represent 4 mm, 200 µm, and 60 µm in clockwise fashion for each
panel.

4.8 Conclusion
Practical concerns regarding aggregation of IONPs in the body can be assuaged by
the incorporation of an aggregation-resistant mesoporous silica shell. This protective
coating provides colloidal stability as well as other benefits such as easy surface
functionalization, available pore volume for drug loading and release, and water access to
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the IONP core for achieving r1-based contrast with MRI. We have demonstrated that key
IONP properties such as r1 and SAR can be held at near optimal levels in complex
biological environments by using the mesoporous silica coating to avoid IONP
aggregation. In addition, msIONPs were shown to be minimally toxic towards HDFn
human skin fibroblasts and to provide uniform positive contrast with SWIFT MRI in
vivo. To enhance the practical effectiveness of this system, in vivo calibration curves
relating the now-stable SAR and r1 values must be developed. Biodistribution studies are
also ongoing.
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Chapter Five
Various Transmission Electron Microscopy Studies
of Nanomaterials and Nano/Bio Interactions

Parts of this chapter were adapted from:
Hang, M.; Gunsolus, I.; Wayland, H.; Melby, E.; Mensch, A.; Hurley, K.; Pederson, J.;
Haynes, C.; Hamers, R. “The Impact of Nanoscale Lithium Nickel Manganese Cobalt
Oxide NMC on Bacterium Shewanella oneidensis MR-1” Under revision for submission
to Environmental Science and Technology
Klein, N.D.*; Hurley, K.R.* Feng, Z.V.; Haynes, C.L. “Dark Field Transmission
Electron Microscopy as a Tool for Identifying Inorganic Nanoparticles in Biological
Matrices” Analytical Chemistry 2015, 87, 4356-4362. Reproduced with permission.
Copyright 2015 American Chemical Society.*co-first author
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5.1 Chapter Overview
Transmission electron microscopy (TEM) is a materials characterization technique
that utilizes electrons as opposed to visible light to visualize objects on the micro- and
nano-scale. Under various conditions as discussed in Chapter 1 and demonstrated in
chapters 2-4, it is a valuable technique for determining the morphology, size,
polydispersity, aggregation state, and elemental makeup of nanoparticles. During this
PhD work, a wide variety of nanoparticle systems were studied with this characterization
tool, often in combination with biological matrices. The bulk of this chapter is adapted
from a published article regarding the use of dark field mode on TEM to visualize
inorganic nanoparticles in cell matrices. Additionally, this chapter includes several case
studies on different nanomaterials under investigation by colleagues, wherein the author's
proficiency and expertise in TEM imaging were called upon. Those collaborative studies
which required intellectual contribution or technical innovation are included herein.

5.2 Dark Field TEM Imaging of Inorganic Nanoparticles in Biological Matrices
Dark field transmission electron microscopy has been applied to visualize the
interactions of inorganic nanomaterials with biological systems. This new application of a
known technique addresses a deficiency in status quo visualization techniques. High
resolution and low noise images can be acquired to locate and identify crystalline
nanoparticles in complex biological matrices (see Figure 5.1). Moreover, through the
composition of multiple images taken at different angular beam tilts, it is possible to
image a majority of nanoparticles present at a site in dark field mode. This facilitates
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clarity regarding the internalization of nanomaterials in cellular systems. In addition,
comparing dark field images recorded at different angular tilts yields insight into the
character of nanoparticle faceting.

Figure 5.1. Cartoon depiction of the benefit of using dark field TEM to locate inorganic
NPs and distinguish them from surrounding biological structures or staining artifacts.

5.2.1 The Need for Techniques to Accurately Characterize Nano/Bio Interactions
As nanotechnology continues to become more and more prevalent, there is an
increasing need to accurately characterize the interactions between nanomaterials and
biological systems. The state and localization of nanomaterials inside cells and tissue are
important considerations for intentional exposure (nanomedicine) and incidental exposure
(nanotoxicology).1,2 Historically, the characterization of nanomaterials in biological
systems has been made difficult due to the need for high resolution and the complexity of
biological matrices, which include a milieu of proteins, lipids, high salinity conditions,
etc. Although less often discussed, the low incidence of nanoparticles in many situations
is another challenge for accurate characterization. For example, in studies of ecological
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nanotoxicity, relevant exposure concentrations may be at the ppm level or lower.3 High
resolution techniques such as transmission electron microscopy (TEM) necessarily cover
a small subset of each sample; thus the probability of even finding a nanoparticle for
characterization becomes very low.
Multiple techniques have been developed to allow for imaging of nanoparticles in
biological matrices. Table 5.1 provides a sampling of the most common microscopy
techniques for the visualization specifically of inorganic nanoparticles, including their
prominent advantages and disadvantages. Although innovative techniques involving
confocal Raman mapping4–6, atomic force microscopy7–11, and magnetic force
microscopy12,13 have been used, TEM and fluorescence microscopy are by far the most
common. In particular, TEM is valuable because of the extremely high resolution (<1 nm
depending on experimental parameters) which allows for visualization of nanoparticle
localization in cellular compartments as well as an accurate assessment of the
nanoparticle state (aggregation, shape change, etc.).

5.2.2 Types of TEM
In recent literature, two modes of TEM have been used to characterize nanoparticles
in biological matrices: bright field and high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). Bright field mode is the traditional
imaging mode for TEM wherein electrons that are transmitted through the sample
without much deflection are used to construct the image. This mode allows for nm-scale
detail and visualization of the entire biological milieu surrounding the nanoparticles14,15;
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however, most inorganic nanoparticles with high mass and crystallinity will appear dark
in bright field mode, which means that researchers have to hunt for negative signal in a
complex image. Heavy metal staining and other high density cell structures such as
ribosomes can easily be mistaken for nanoparticles due to their similar size ranges and
apparent contrast.16 The other imaging mode, HAADF-STEM, makes use of an annular
detector to image only highly scattered electrons passing through the sample. This
method, which is similar to dark field light microscopy, decreases the noise in the image
and results in strong bright signal for high mass materials such as nanoparticles. The
decrease in noise has led to elegant images by Morones and others17–20; however, most
HAADF detectors are located such that they detect electrons scattered by mass and not by
crystallinity. Because inorganic nanoparticles are often crystalline and biological matrices
are not, this method can still yield similar contrast for the nanoparticle-containing cell or
tissue, especially when high-mass cellular components are present (consider for example
the calcium precipitations present in the gut mitochondria of various species).21–23 In
cases where nanoparticles are sparse and researchers are quickly scanning a sample, this
method may not be helpful for finding or identifying crystalline nanoparticles. In
addition, HAADF detectors are used in combination with STEM imaging which is only
available on specialized high resolution TEM instruments.
A third TEM mode, dark field mode, is available on typical TEM instruments with or
without STEM capabilities. A schematic comparison between this technique, bright field
TEM, and HAADF-STEM can be found in Figure 5.2. One of the main differences
among these techniques is which electron population is used to construct the resultant
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image. As discussed previously, the beam of transmitted electrons is imaged in bright
field mode. In this case, the objective aperture is often used to increase contrast by
blocking scattered electrons. High mass or crystalline materials thus appear even darker
when the aperture is inserted. In contrast, in traditional dark field mode, the incident
beam of electrons is tilted at an angle (d) to the sample, and the electrons that scatter at a
similar angle proceed down the center of the microscope column. Meanwhile, the
transmitted electrons continue at an angle that is blocked by the objective aperture. The
incident beam can be tilted both radially and angularly. A higher radial beam tilt
corresponds to a higher scattering angle that is being imaged. The angular beam tilt
corresponds to the direction of the diffraction, and thus, the orientation of the diffraction
source. HAADF-STEM imaging requires a specialized annular detector to acquire the
signal from highly scattered electrons. Due to its circular nature, the HAADF detector
can gather electrons scattered in every direction simultaneously. At a high scattering
angle, the signal intensity is correlated to the atomic number of the material being
imaged. This means that a densely packed or high-mass but non-crystalline area could
display the same contrast as a low-mass area with high crystallinity. The unique contrast
from diffraction alone is minimized.
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Table 5.1. Comparison of techniques for visualizing inorganic nanoparticles in biological
matrices.
Technique
Dark Field
Transmission
Electron
Microscopy

Description
Image scattered
electrons from
mass and
diffraction

Bright Field
Transmission
Electron
Microscopy

Image
transmitted
electrons

High Angle
Annular Dark
Field Scanning
Transmission
Electron
Microscopy

Image scattered
electrons from
high mass

Fluorescence
Microscopy

Image
fluorescence
from
nanoparticles
and labeled cell
structures

Advantages
High resolution,
crystallinitydependent
contrast, low
noise images
High resolution,
mass- and
crystallinitydependent
contrast,
potential for
elemental
analysis (EDX)b
High resolution,
mass-dependent
contrast, low
noise, potential
for elemental
analysis (EDX,
EELS)b
Various
fluorophores
stain different
cellular
structures, live
cell imaging, 3D
information

Disadvantages
Fixed samplea,
labor-intensive
sample
preparation

Reference
current
article

Fixed samplea,
labor-intensive
sample
preparation

14,15,24

Fixed samplea,
labor-intensive
sample
preparation, no
crystallinity
information

17–20,25–27

Resolution
>200 nm
(excepting
super
resolution
techniques),
cells must be
stained
28,29
Dark Field Light
Image scattered
Lower noise than Resolution
Microscopy
visible light from bright field light >200 nm, poor
cell and/or
microscopy,
scattering from
nanoparticle
does not require biological
structures
stain or labeling samples
a
In specialized liquid flow cells or in situ TEM setups, biological samples do not
necessarily require fixation.30 bEDX (energy dispersive x-ray spectroscopy) and EELS
(electron energy loss spectroscopy).
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Figure 5.2. Comparison of bright field TEM, dark field TEM, and HAADF-STEM.

5.2.3 Utilizing Dark Field Mode to Image Inorganic Crystalline Nanoparticles in
Biological Matrices
To our knowledge, dark field mode has not been previously utilized for the
identification of inorganic nanoparticles in biological matrices, but it does provide several
benefits over bright field and HAADF-STEM modes. This work demonstrates the
benefits of dark field mode for identifying and characterizing inorganic crystalline
nanoparticles in a variety of biological matrices. Dark field mode reduces visual noise but
allows bright crystalline contrast for easy identification of nanoparticles in lowconcentration samples. In addition, the crystalline contrast can be used to clearly
differentiate stain or cell features from nanoparticles. Finally, the sequential mode of
image acquisition described below will allow for enhanced nanoparticle study beyond
studies in biological matrices by visualization of different crystal facets.
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5.2.4 Experimental Details
Materials
Iron oxide nanoparticles (IONPs) were purchased as EMG-308 Ferrofluid from
Ferrotec (Santa Clara, CA). Gold nanoparticles (AuNPs, 60 nm diameter) were purchased
from Cabot Security Materials Inc. (Mountain View, CA). AuNPs (4-nm-diameter)
wrapped with poly(allylamine hydrochloride) were graciously provided by the Murphy
group at the University of Illinois.
TEM Imaging
All transmission electron microscopy was done using an FEI Tecnai T12 microscope
at 120 kV. Non-biological samples of nanoparticles were prepared for imaging on 200
mesh copper grids with formvar and carbon supports from Ted Pella Inc. (Redding, CA)
by dip coating the grid into an ethanolic solution of the nanoparticles and allowing the
grid to dry in air. Dark field images were obtained by tilting the beam radially in dark
field mode to position the diffraction ring of interest in the center of the objective
aperture. To take enough images to cover the ring, as in Figure 5.5, the radius of the
objective aperture (a) was determined by positioning the central diffraction spot on the
edge of the aperture in dark field mode. This gave a measurement of the radius in degrees
of beam tilt. The radius of the diffraction ring (d) was determined similarly in degrees of
beam tilt. The two radii were then used in Equation 1 to calculate the number of images
needed to cover the ring, rounding up to obtain an integer number of images,

. The

images were taken spaced equally around the ring, incrementing the angular tilt by
for each image.
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Cell Incubation with Nanoparticles
Donor-derived peripheral blood mononuclear cells (PBMCs) were cultured overnight
in RPMI 1640 media containing 10% fetal bovine serum, penicillin (100 U/mL),
streptomycin (100 μg/mL), and L-glutamine (100 mmol/L) at 37 °C with 5% CO2 in a
humidified incubator. The following day, PBMCs (1x106 cells/mL) were activated with
Dynabeads Human T-activator CD3/CD28 (Life Technologies) in the presence of IL-2
(10 ng/mL), IL-7 (50 U/mL) and β-mercaptoethanol (0.1 mM) in a 24-well plate and
divided every 3 days until day 12 of culture while supplementing with fresh media.
Expanded PBMCs were isolated and re-suspended in regular media prior to the treatment
with IONPs (0.1 mg/mL) in dimethylsulfoxide (DMSO) containing RPMI media (2.5 x
106 cells/mL in final concentration of 3% DMSO).31 Cells were incubated for 30 mins at
37 °C and washed twice with phosphate-buffered saline ahead of TEM sample
preparation.
Bacillus subtilis was cultured in Luria-Bertani broth overnight and exchanged via
Dulbecco's PBS buffer into a HEPES buffer (2 mM HEPES, 25 mM NaCl at pH 7.4) by
centrifuging at 750 x g for 10 minutes. The cell culture was then incubated with 0.5
µg/mL 4-nm diameter poly(allylamine hydrochloride) (MW = 15,000)–wrapped Au
nanoparticles for 10 minutes.
Biological Sample Preparation for TEM
Following incubation for the allotted amount of time, each biological sample was
prepared for TEM imaging via a standard process of fixation, staining, dehydration,
infiltration with polymer resin, oven curing, and slicing via microtome. Samples were
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washed in 0.1 M sodium cacodylate buffer three times, then fixed in 2.5% gluteraldehyde
in 0.1 M sodium cacodylate buffer for one hour. The fixed cells were then washed with
buffer three more times and exposed to 1% osmium tetroxide in buffer for one hour in the
dark to promote heavy metal staining of lipid membranes. The samples were rinsed with
buffer three more times and then moved through a gradual process of dehydration,
starting with 30% ethanol and ending with absolute ethanol (multiple rinse steps at each
30%, 50%, 70%, 80%, 90%, and 100% ethanol). Samples were exposed to three rinses of
propylene oxide, then to an overnight rinse with 2:1 propylene oxide:polymer resin. That
solution was replaced with two washes of 1:1 propylene oxide:resin over the next 24
hours. Finally, 100% resin was added and the sample was cured at 40 °C for 24 h and 60
°C for 48 h. Sub-100 nm slices were cut from the polymer block with a Leica EM UC6
Ultramicrotome and placed on 200 mesh copper grids with carbon and formvar supports
(Ted Pella Inc.) for imaging. Image sections were stained with uranyl acetate and lead
citrate for improved bright field contrast.
Image Processing
To generate a combination of

images according to Figure 5.5, all images were

combined into a stack in ImageJ (National Institutes of Health). For images with
significant biological noise, individual background subtractions with a rolling ball radius
of 50 pixels were performed on each image prior to forming a stack. The ImageJ plugin
“StackReg” with the “Rigid Body” condition was then applied on the stack to correct for
small amounts of drift in the image.32 The stack was transferred back to the original
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images, and then all of the images were combined using the “Image Calculator” feature
with a “max” function.
Image Thresholding
Mean brightness and standard deviation of an image were determined using the
“Histogram” analysis in ImageJ. Thresholds were then each applied to the image at the
3σ and the 10σ levels using the “Threshold” feature in ImageJ, resulting in two separate
threshold images for each collected image field. These threshold images were then colorcoded by adjusting the “Color Balance” in ImageJ to give a red color for the 3σ threshold
image and a yellow color for the 10σ threshold image. For dark field composites, this
process was performed on each individual dark field image, and the resultant threshold
images were combined by using the “Image Calculator” feature with the “max” function
in ImageJ. To obtain a pixel count above each threshold, the appropriate composite
threshold images were analyzed with the “Histogram” feature, and the pixel count at zero
brightness was subtracted from the total number of pixels in the image.

5.2.5 Finding and Characterizing Inorganic Nanoparticles via Dark Field Mode
The utility of dark field imaging is quickly evident when examining complex
biological samples. What begins as a problem of finding the needle, nanoparticles, in a
haystack of biological matrix is further compounded by the difference in scale between
nanomaterials and cells. To image many cells in a reasonable time, images must be taken
at a low magnification where a majority of the cell is visible at once. At those scales,
nanoparticles are often dwarfed by cellular structures. For example, Figure 5.3
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demonstrates the localization of gold nanoparticles (AuNPs) following incubation with
Bacillus subtilis bacteria as imaged in bright and dark field modes. Dark field imaging (b,
d) clearly reveals the AuNPs as much brighter individual spots. While corresponding
dark spots might be found in the same location in the bright field images, it is difficult to
differentiate them from biological or stain artifacts of similar size that are also present.
Nanoparticle clustering or aggregation at cellular membranes can be clearly observed.
The state of nanoparticles upon exposure to biological systems provides important
information as it affects cellular uptake and toxicity.33–35 Finally, it is clearly shown in
both (b) and (d) that nanoparticles are not present in the interior of bacteria with intact
cell walls. Other than the clusters on the thick peptidoglycan layer of bacterial walls,
AuNP clusters are only found interacting with the cytoplasmic content when cell wall
material is missing (see arrows). This fact becomes readily apparent when visualized in
dark field mode, while bright field mode left such observations obfuscated.

147

Figure 5.3. B. subtilis bacteria after incubation with 4-nm-diameter AuNPs, imaged
using bright field (a), (c) and (e) or dark field (b), (d) and (f) TEM. Cell content without a
cell wall is indicated by arrows. A single AuNP that is clearly visible in dark field (d) but
not as readily in bright field (c) is indicated by a box. Panels (e) and (f) show the area of
the blue box at higher magnification. Panels (d) and (f) are a single image which has been
adjusted with “StackReg” (also the source of the black area on the bottom of the image.)
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Figure 5.4. Human PBMCs incubated with IONPs, as they appear in bright field (a), (c),
and (e) and corresponding dark field images (b), (d), (f). Cellular or stain artifacts that
could be mistaken for nanoparticles in bright field mode are indicated by a red square. (e)
and (f) are magnified images of the blue squares in (c) and (d). Inset: diffraction pattern
from IONPs doped on the edge of the TEM grid.

5.2.6 Distinguishing inorganic NPs from cell debris or image artifacts
Another complication to TEM imaging in biological matrices stems from staining
agents such as uranyl acetate and osmium tetroxide. These stains are commonly used to
visualize cellular structures in TEM15, but they often leave artifacts that scatter electrons
enough to yield similar contrast in bright field mode when compared to nanoparticles.
Both imaging difficulties (size discrepancies of cells and NPs and stain artifacts) are
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demonstrated by Figure 5.4, which shows ~10 nm IONPs and stain artifacts in human
peripheral blood mononuclear cells and compares their appearance in bright (a, c, and e)
and dark field (b, d, and f) modes. In bright field mode, IONPs appear as miniscule black
specks when operating at a magnification that allows viewing of the majority of a cell.
Stain artifacts that could be mistaken as clusters of particles, highlighted by red squares,
are just as obvious, if not more so, and provide ambiguity in identifying nanoparticles in
the image. To address this issue, a small portion of a standard TEM grid was spotted with
stock IONP suspension, and a diffraction pattern was established from that area. A thin
diffraction ring associated with the iron oxide alone, as shown in the inset in (b), was
chosen and then used for subsequent dark field imaging. In dark field mode, the IONPs
have a bright punctate appearance against the dark background, shown in (b) and (d) even
at the low magnifications necessary to image multiple cells quickly. Moreover, the stain
artifacts that appeared in bright field images did not scatter electrons at the same angle as
the nanoparticles, and therefore appeared dim in the dark field images. The IONPs could
thus be identified more readily and definitively. Even at higher magnifications (e and f)
dark field can be a useful tool. The dark field image reveals at least four nanoparticles in
the cytosol that were not readily distinguishable in bright field.

5.2.7 Method for Analysis of All Diffraction Angles
While a single dark field image can suggest the presence of nanoparticles, it cannot
conclusively prove their absence. Because only a portion of the diffraction ring is used
for any given image, it only shows those nanoparticles that diffract electrons in that
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particular direction. Nanoparticles which are oriented to diffract in a different spot on the
ring will not appear bright in the dark field image. To image a majority of the
nanoparticles contributing to a diffraction ring, multiple images must be taken as the
objective aperture moves around the entire ring.
Hollow-cone imaging modes address this matter by continually changing the angular
tilt angle of the beam throughout image acquisition. These modes are typically only
found on specialized transmission electron microscopes, however, such as those capable
of STEM imaging. A similar result can be obtained manually as shown in Figure 5.5 (a)
and Equation 5.1. By acquiring

images spaced equally around the diffraction ring, the

entire ring can be captured and the resultant dark field images will display the majority of
nanoparticles whose diffraction contributes to that ring (see Klein et al. Analytical
Chemistry DOI: 10.1021/acs.analchem.5b00124 for mathematical derivation of Equation
5.1).
Equation 5.1:

where

is the integer number of images required, a is the radius of the aperture in

degrees beam tilt, and

is the radius of the diffraction ring in degrees beam tilt (as

reported in dark field mode microscope control software).
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Figure 5.5. Utilization of multiple images for a complete probe of NP presence. (a)
Diagram of aperture spacing necessary to acquire images covering the entire diffraction
ring. (b) Composite of n (in this case 10) images taken with the same sample from Figure
5.3(c-f).

All

images can be easily combined via the ImageJ plugin “StackReg,” which also

accounts for slight stage drift during image acquisition.32 This method was applied to the
same B. subtilis sample with AuNPs from Figure 5.3(c-f) and resulted in Figure 5.5(b).
This composite image combined 10 dark field images that were acquired, clearly
demonstrating the lack of internalization of AuNPs by bacteria with intact cell-walls.
Because the entire diffraction ring for the AuNPs was imaged, conclusions can be more
readily drawn about the absence of crystalline AuNPs inside the intact cells.
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5.2.8 Analytical Figures of Merit for This Technique
This method of image composition allows for quantification and comparison of bright
and dark field images from a limit of detection (LOD, 3σ) and limit of quantitation
(LOQ, 10σ) perspective. By measuring the number of pixels that are significantly
different from the mean brightness for each type of image, a means of discriminating
nanoparticles and visually similar structures from the remainder of the image can be
obtained. For bright field images, pixels significantly darker than the mean were
accounted for, while in dark field, pixels significantly brighter than the mean were used.
Figure 5.6(a) shows the results of these measurements for three separate bright field
images and their corresponding dark field composite images. In all of the bright field
images, the standard deviation of the brightness was large enough that the 10σ threshold
was above the maximum brightness. In contrast, the dark field images have a small
enough standard deviation that pixels could be discriminated at varying levels of
significance. By color-coding the pixels above the 3σ and 10σ thresholds, as in Figure
5.6(b), it can be shown that the pixels above the thresholds correspond closely to the
nanoparticles in the dark field composite.
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Figure 5.6. Image thresholding techniques for analytical figures of merit. (a-c)
Composite dark and bright field images with pixels above σ thresholds color-coded. Red:
3σ, Yellow: 10σ. Inset of (b): magnified image of the blue square in (b). (d)
Quantification of pixels above σ threshold brightness values in dark field and
corresponding bright field images (a-c).

5.2.9 Additional Applications of Dark Field Mode
Interestingly, the fact that microscopes without hollow-cone imaging require multiple
images could prove to be an advantage for other applications. For example, when multidomain inorganic nanoparticles are imaged in dark field mode, various facets of the same
crystallinity become visible depending on one’s position around the diffraction ring.
Figure 5.7 demonstrates this phenomenon with 60 nm-diameter commercially-available
AuNPs. Bright field mode displays completely black contrast due to high mass and
diffraction scattering. Hollow-cone or HAADF-STEM imaging would display primarily
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bright nanoparticle shapes throughout. Dark field mode taken at various diffraction
angles, however, reveals heterogeneous facets unseen in bright field. By acquiring data
sequentially, it should be possible to glean information about crystal growth, oriented
aggregation, and other parameters related to nanoparticle synthesis and particle-particle
interactions.36,37

Figure 5.7. Images at varying angular tilts of large gold nanoparticles, demonstrating a
variety of facets that appear when imaged in dark field mode.

5.2.10 Dark Field TEM Study Conclusion
This section has presented the use of a known technique, dark field TEM imaging, for
a new application, the facile identification and characterization of inorganic nanoparticles
in biological matrices. Dark field mode provides the advantages of noise reduction and
clear nanoparticle identification via crystallinity. In addition, the visualization of
nanoparticle facets via this technique could lead to new insights in fundamental
nanoparticle studies. We envision that this technique will be quickly and easily adopted
by researchers with an interest in quicker and more accurate studies of inorganic
nanoparticles and biological systems.
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5.3 TEM Analysis of Self-Assembled Protein Nanorings
Nanomaterials for biomedical applications can be developed from biological building
blocks as well as the largely inorganic structures discussed in the majority of this thesis.
For instance, multiple groups have developed self-assembled nanostructures from DNA.
At the University of Minnesota, the Wagner group is interested in the development of
reversible self-assembled nanostructures built from proteins that are bridged with
therapeutic drugs. The small molecule drugs which induce self-assembly are called
chemical inducers of protein dimerization (CIDs). Carlson et. al demonstrated that
bivalent methotrexate derivatives (bis-MTX) act as very effective CIDs for the protein
dihydrofolate reductase (DHFR). They showed that nano-ring and linear chain structures
could be formed by mixing these two components and that the ring structures were
favored at lower mixing concentrations (µM total protein). Representations of the
building blocks and resultant structures are shown in Figure 5.8.

156

Figure 5.8. Self-assembly of DHFR proteins mediated by divalent MTX. The toroidal
(ring) structures are favored at lower protein concentrations. Figure adapted from Carlson
et al. J. Am. Chem. Soc. 2006, 128, 7630-7638.38 Reproduced in part. Copyright 2006
American Chemical Society.

5.3.1 Precedent Protein Nanoring Characterization
Evidence for the presence of ring structures had been collected via static and dynamic
light scattering.38 However, to confirm the ring morphology, TEM was employed.
Samples were carefully filtered and concentrated prior to TEM imaging and were always
kept at 4 °C or on ice. Small sample droplets were deposited on 300 mesh copper grids
with carbon/formvar coating, blotted dry, and stained with 2% uranyl acetate. Although
this procedure sounds relatively simple, the difficulty in attaining these images is hinted
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at in the beginning of the TEM methods section from the original publication: “The
samples were stored on ice and shipped to Montana for microscopy.” From conversations
with Wagner group members, it seems that substantial optimization was needed to obtain
these high-quality images.

Figure 5.9. TEM images of uranyl-acetate stained self-assembled protein nanorings.
Uranyl acetate pooling in the center of the rings led to easy identification of the ring
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structures. Diameter measurements from images agreed remarkably well with predicted
sizes for 6-9 protein subunits. Figure reprinted from Carlson et al. J. Am. Chem. Soc.
2006, 128, 7630-7638.38 Reproduced in part. Copyright 2006 American Chemical
Society.

5.3.2 TEM Imaging of PEGylated Protein Nanorings
In 2013, the group was developing a PEGylated version of the protein nanorings
which would again require TEM characterization to confirm the morphology and
diameter sizes. Images similar to those in the 2006 JACS publication were requested to
avoid the long turnaround time in shipping samples to an alternate location (the Montana
State University Microscopy Center).
Experts at the University of Minnesota Characterization Facility suggested that
biological material was less likely to interact with the grid when it was coated with
formvar and other organics from exposure to air. To imbue the grid with charge, each 200
mesh cabon/formvar-coated copper grid was treated with a Pelco easiGlow discharge
machine. A procedure for the first trial is as follows:
1. Deposit 5 µL of sample onto the treated grid and allow to sit for one minute
before blotting dry with filter paper.
2. Deposit 5 µL of MQ water onto the grid as a rinse step. Blot away immediately.
3. Deposit 5 µL of 2% uranyl acetate onto the grid and allow to sit for one minute
before blotting dry.
4. Rinse with water as step 2 twice more.
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5. Allow to dry in air for 3 minutes before storage in TEM grid box.
6. Perform imaging the same day as sample preparation.
The resultant images from this procedure can be found in Figure 5.10.

Figure 5.10. TEM images at two magnifications demonstrating a typical field of view
after the treatment described above. No clear, distinct nanorings could be visualized
despite negative staining with uranyl acetate.

The images contained discrete dark spots which could have been pooling of uranyl
acetate as seen in the previous publication38, but no distinct ring structure was apparent.
The diffuse area of medium contrast surrounding these dark spots was hypothesized to be
PEG. In the next several iterations, attempts were made to optimize water rinse times,
nanoring concentrations, and dry times. It was particularly important to thoroughly dry
the sample and store it in a dessicator because PEG is hygroscopic. All of these attempts
yielded results similar to those seen in Figure 5.10. Finally, it was hypothesized that the
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dark spots or diffuse gel were actually nanoparticle debris with the intact nanoparticles
not attaching to the grid at all. To test this hypothesis, we further pre-treated the grids to
generate a positive surface charge prior to sample deposition. The procedure was as
follows:
1. Perform glow discharge on grid in air to generate negative surface charge.
2. Deposit 5 µL of 2% magnesium acetate onto the treated grid and allow to sit for
one minute before blotting dry with filter paper. This divalent cation exposure has
been shown to imbue the grid with positive surface charge.39
3. Deposit 5 µL of MQ water onto the grid as a rinse step. Blot away immediately.
4. Deposit 5 µL of sample onto the grid and allow to sit for one minute before
blotting dry.
5. Deposit 5 µL of MQ water onto the grid as a rinse step. Blot away immediately.
6. Deposit 5 µL of 2% uranyl acetate onto the grid and allow to sit for one minute
before blotting dry.
7. Rinse with water as step 3 twice more
8. Allow to dry in air for 3 minutes before storage in TEM grid box.
9. Perform imaging the same day as sample preparation OR store in a dessicator
until day of imaging.
This approach yielded images which clearly contained protein nanoring structures,
although they were often oblong as opposed to the circular unPEGylated versions (see
Figure 5.11). Unfortunately, it was later determined by the Wagner group that this
particular formulation of PEGylated nanoring had uninteresting biological activity, and
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the project was abandoned. Future researchers could apply this same sample preparation
technique to obtain sizing and morphology information from PEGylated protein variants,
however.

Figure 5.11. TEM images at various magnifications of PEGylated protein nanorings
following the sample preparation procedure described above. Nanorings appear bright
against uniform negative staining by uranyl acetate (no pooling in ring centers).
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5.4 NMC Nanomaterials
As many applications demand more powerful and efficient lithium-ion batteries, more
and more complex structures have been developed. One class of materials which is
particularly relevant to commercial applications is nanoscale lithium nickel manganese
cobalt oxide (LixNiyMnzCo1-y-zO2 where 0 < x,y,z < 1, abbreviated NMC).40 Because of
its intended use in many consumer electronics, including electric vehicles, a high volume
of this material is likely to be produced and, eventually, released into the environment
through disposal, degradation, etc. Therefore, it is important to study the ecological
impacts of this material to better predict outcomes of large-scale exposure and to mitigate
any potential toxicity through coatings or other means.41

5.4.1 Materials Characterization of NMC
Before exposure to bacteria (the model system for initial ecotoxicity considerations),
the pristine as-synthesized materials were thoroughly characterized. NMC was
synthesized by adapting a previously published procedure42 (see ref 41 for full details).
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were
performed to assess the morphology and, specifically, the thickness of NMC plates or
sheets. Figure 5.12 shows that NMC is composed of polydisperse plates with hexagonal
shape and a 100-200 nm diameter.
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Figure 5.12. Materials characterization of as-synthesized NMC deposited from water. (a)
SEM image displaying the hexagonal nature of NMC plates. (b-c) AFM scans of NMC
reveal an average plate height of 1 nm. Adapted from Hang et al. “The Impact of
Nanoscale Lithium Nickel Manganese Cobalt Oxide NMC on Bacterium Shewanella
oneidensis MR-1” Under revision.41

When deposited onto pristine mica for AFM analysis, the plate height is measured to
be around 1 nm. The primary authors of this manuscript requested additional TEM
imaging to further confirm the thickness of the plates by acquiring an edge-on image of
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individual or stacked plates. TEM samples were prepared by dispersing a trace amount of
NMC solid into 0.5 mL MQ water via sonication and vortexing. A large droplet (~10 µL)
of the suspension was deposited onto a copper TEM grid (200 mesh with carbon and
formvar supports, Ted Pella Inc.) held with reverse-grip tweezers. The tweezers were
slowly turned 180 degrees so that the droplet was suspended upside down to allow for a
higher probability of edge-on NMCs on the grid. The droplet was allowed to air dry over
the course of 2 hours. TEM images were acquired on a Tecnai T12 transmission electron
microscope with an operating voltage of 120 kV. Images displaying the hexagonal (flat)
and edge-on NMC plates as stacks can be found in Figure 5.13.
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Figure 5.13. TEM characterization of NMC. (a-b) NMC sheets that lay flat on the grid
show the same hexagonal shape as SEM. (c-d) Clusters of NMC sometimes oriented in
such a way that edge-on images were visible. (e) a magnified portion of (c) to
demonstrate the stacking of NMC plates. (f) a plot profile of the red line in (e)
demonstrating that the typical distance between peaks or valleys is 0.53 nm, similar to the
plate height measured by AFM.
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5.4.2 Characterization of NMC/Bacteria interaction
Various concentrations of NMC were exposed to the environmentally-beneficial
bacteria Shewanella oneidensis MR-1 over the course of several days. Bacteria viability
was measured with optical density growth curves and oxygen respirometry. It was
determined that even at the lowest concentration used, 5 mg/L, NMC exposure was
resulting in a significant delay in bacterial growth, an indicator of toxicity. Control
experiments where dissolved Ni, Mg, Co, and Li ions at doses relevant to the dissolution
of NMC were incubated with the S. oneidensis. Respirometry and growth curves of cells
exposed to a combination of Ni and Co ions matched nearly perfectly with the NMC
exposure data.41 To further ensure that the cause of toxicity was dissolved ions and not in
fact some physical shearing effect of the NMC plates into the bacteria membranes, TEM
of NMC-exposed bacteria was performed. Cell samples exposed to 5 mg/L NMC for 30
min were prepared for TEM imaging through a typical process of fixation, dehydration,
and embedding in epoxy as discussed earlier in this chapter.43 Slices of ~70 nm thickness
were cut with a Leica EM UC6 Ultramicrotome and placed on 200 mesh copper grids
with carbon and formvar supports. Images were collected on a FEI Tecnai Spirit BioTwin microscope at 120 kV. Figure 5.14 shows that NMC plates tended to cluster
together in the vicinity of bacterial cells, but no direct cell/membrane contact was
observed in the field of view for 100 bacterial cells.
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Figure 5.14. TEM images of S. oneidensis exposed to 5 mg/L NMC for 30 min. NMC
clusters are visible in the vicinity of bacterial cells, but no direct contact was observed.
Scale bars represent 500, 500, and 200 nm from left to right.

5.5 Chapter Conclusion
Ultimately, the nano/bio interface is a complex system which must be probed by
multiple techniques to be fully understood. TEM and its various attachments and
capabilities (dark field mode, energy dispersive spectroscopy, electron energy loss
spectroscopy, diffraction mode, etc.) are invaluable tools in such an endeavor. Dark field
mode is especially helpful for finding crystalline nanoparticles in biological matrices and
differentiating them from cell debris or staining artifacts. Once nanoparticles are
identified, the high resolution of TEM can yield insight into nanoparticle morphology,
dimensions, aggregation state, and localization. As was shown in the protein nanoring
and NMC studies, thoughtful sample preparation is critical for obtaining images that
accurately reflect the system under investigation.
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Concluding Remarks
The study of magnetic nanoparticles, particularly of abundant and affordable iron
oxides, is a critical area of investigation for the development of solutions for cancer
treatment, biodistribution studies, and cryopreservation. These nanomaterials are
powerful in their ability to provide heat and imaging contrast; however, without surface
functionalization they are subject to rapid, intense changes upon exposure to biological
environments such as salt and protein solutions, cells, and tissues. These changes must be
carefully characterized to provide accurate treatment planning. More ideally, they would
be halted for a set amount of time relevant to the procedure being performed. A
functionalized mesoporous silica shell combined with a deoxygenated hydrothermal
treatment has been shown herein to protect iron oxide nanoparticle cores from oxidation
and aggregation, essentially stabilizing the very characteristics that make them valuable
for biomedical use. In addition, strategies for the accurate characterization of these
nanomaterials in their biological matrices are provided. In the future, core/shell iron
oxide/mesoporous silica nanoparticles should be investigated and utilized as biomedical
devices, and thorough characterization of their short- and long-term behavior should be
taken into account to ensure efficient translation to real world applications.
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