ABSTRACT
Gadolinium Oxide Nanocrystals: Synthesis, Characterization, and
Applications
by

Nasim Taheri
Of the recent biomedical studies devoted to the development of medical
imaging techniques, magnetic resonance imaging (MRI) has been the subject of
increased interest. MRI is a powerful diagnostic tool that offers detailed, highresolution anatomical information by monitoring the relaxation rate of water
protons in the presence of a strong magnetic field. However, two objectives that
have yet to be fully achieved with MRI include generating efficient contrast and
enhancing imaging sensitivity to a level that enables differentiating healthy tissue
from malignant tissue. Developing an effective MRI contrast to enhance image
quality has therefore become crucial to improving this promising technique.
This thesis examines the performance of surface engineered gadolinium
oxide nanocrystals as T1 MRI contrast agents. Gadolinium oxide nanocrystals are
formed at high temperatures in organic solvents and phase transferred into
biological media using a novel sulfonic acid copolymer. The surface engineered
gadolinium oxide nanocrystals were designed to exploit the plate-like geometry of
nanocrystals to form surfaces that are both accessible to water and effective at
preventing particle-particle aggregation. The crystals’ anisotropic shape suggests

that the gadolinium surface atoms on the thin plate edges can remain uncoated and
thus available to water. The relaxivities of these materials are one order of
magnitude (15 times) larger than commercial T1 contrast agents and other
gadolinium-containing nanoparticles. The magnetic field dependence of their
relaxation rates and the relatively weak size dependence of their relaxivity suggest
that inner-sphere water relaxation at the edges of the nanocrystal are responsible
for the high relaxation rates. These surfaces have significant potential as T1 MRI
contrast agents, offering a non-invasive imaging alternative with numerous
applications, including detection and characterization of non-alcoholic fatty liver
disease (NAFLD) and nonalcoholic steatohepatitis (NASH), and tracking of stem cells
in embryos.
As part of this thesis, we introduced surface functionalized gadolinium oxide
nanocrystals

with

three

different

surface

coatings—each

with

unique

characteristics. These materials were chosen because they are stable in relevant
biological conditions while posing distinct responses in different environments. We
examined the effect of surface coating, salt, and protein on the performance of
gadolinium oxide nanocrystals as MRI contrast agents. We found that their behavior
was altered in plasma, implying that surface coating has an important effect on their
interactions with proteins. Moreover, we showed that, unlike other studies in
deionized water in which relaxivity has a linear dependency, forming strong protein
binding enables relaxivity measurement to be dependent on gadolinium
concentration.

Finally, we studied the possible cytotoxic effects of gadolinium oxide
nanocrystals in vitro and in vivo. Since gadolinium ion is a heavy metal, it is
important to ensure that it is shielded with a surface coating and is biocompatible
both at the cellular level and in living animals. In vivo, the nanocrystals have a blood
circulation lifetime similar to molecular gadolinium agents—sufficient for imaging
process duration. Additionally, our biodistribution study showed the crystals’ rapid
clearance through the liver, thus confirming its cellular uptake. Collectively, our
findings reveal the crystals’ high performance as T1 MRI contrast agents.
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Chapter 1

Nanocrystals as MRI Contrast Agents:
From Design to Imaging

1.1. Introduction
The application of nanocrystals in medicine has been an area of interest
among researchers for decades owing to the intrinsic features of nano-sized
materials. Recent developments in synthesis and surface modification methods have
allowed the nanotechnology community to design nanocrystals that are specialized
for a certain therapy or diagnostic technique.1,

2

In addition to their clinical

applications in cancer therapy, drug delivery, or hypothermia treatment,
nanocrystals also show tremendous potential as contrast agents for magnetic
resonance imaging (MRI).3, 4
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MRI is one of the most powerful noninvasive imaging techniques that offers
visualization of anatomical structures with both high spatial resolution and
unlimited tissue penetration depth. In 2013, more than 107 MRI examinations for
every 1,000 people were reported in the United States, which is the second highest
frequency after Turkey compared to other countries.5 MRI enables early diagnosis
of many diseases including cancer, cardiovascular dysfunction, and problems
related to the brain and central nervous system.6 Despite the numerous advantages
of this technique, the sensitivity of MRI images still needs to be improved.
Developing MRI contrast agents with high efficiency has therefore become crucial to
enhancing the contrast between normal and abnormal tissues and thereby
increasing MRI sensitivity.7
MRI contrast agents rely on the modification of the longitudinal (T1) and
transverse (T2) relaxation rates of water protons, which give rise to positive and
negative contrast, respectively.8 Positive contrast is far more popular in the clinical
community since it is easier to visualize bright areas on gray MRI images. To date,
all commercial T1 contrast agents have been based on gadolinium-containing
chelates, which are still unable to exceed the limitations of molecular systems in a
significant manner.9
Given the limitations of current commercial contrast agents, designing
nanocrystals as T1 contrast agents may offer several advantages. Cellular uptake,
efficient blood circulation lifetime, drug loading capability, and active targeted
surface chemistry are only some of the benefits of nanocrystals that molecules do
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not provide. As such, this study involved a series of experiments to further examine
the performance of nanocrystals as contrast agents. Before discussing these
experiments, however, this chapter explores the recent advancements in the
synthesis, surface modification, and imaging application of MRI contrast agents
consisting of gadolinium-based nanocrystals.

1.2. MRI Principles
The basic principles of MRI include nuclear magnetic resonance (NMR) and
the relaxation of water protons. The key components of an MRI unit consist of a
primary magnet to generate a strong magnetic field, gradient coils to deliver a linear
variation in the field, radio frequency (RF) coils to transmit and receive radio
signals, and a computer system to process the signals to the final image.10
Hydrogen atoms are generally used in MRI. Since hydrogen has only one
proton in its nucleus, it generates an intrinsic magnetic moment along the spin axis.
In the absence of an external magnetic field (B0), hydrogen atoms are randomly
oriented and thus do not generate net magnetization. By applying a strong magnetic
field, however, hydrogen atoms align either parallel or antiparallel to the primary
field.8 In general, a greater portion of hydrogen atoms tends to go in a parallel
direction with a low-energy state. This produces a net magnetic vector (M) in the
direction of the magnetic field. Antiparallel protons have more energy than protons
in a parallel direction, as expressed by Equation 1.1:10
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∆𝐸 =

𝛾ℎ𝐵(
2𝜋

Equation 1.1. Energy difference between hydrogens in two energy states

Here, energy difference is dependent on magnetic field (B0), γ is a constant
unique to every atom termed gyromagnetic ratio and the h is the Plank’s constant.
This energy difference determines the population ratio of hydrogen atoms in each
state. At a clinical magnetic field of 1.5 T, the ratio of parallel to antiparallel protons
is only about 1.0000001.11 This number demonstrates why MRI sensitivity is
insufficient at a low magnetic field and thus needs to be enhanced with a higher
magnetic strength.
Protons in both alignments have a secondary spin and therefore precess
incoherently in a tilted orientation around the long axis of the primary magnetic
field,12 as shown in Figure 1.1.
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Figure 1.1. Hydrogen precession in presence of magnetic field.

Larmor frequency refers to the rate of proton precession, which is equal to
field strength dependence as presented in Equation 1.2:12
𝜔( = 𝛾𝐵(

Equation 1.2. Hydrogen Larmor frequency

Where ω0 indicates hydrogen Larmor frequency (MHz), γ is the gyromagnetic
ratio (MHz/Tesla) and B0 is the magnetic field strength (Tesla). Because of the
incoherence of the precession about the z-axis, magnetizations cancel each other out
in the x-y plane with net zero transverse magnetization (Mxy=0), thus solely leading
to a net positive longitudinal magnetization (Mz > 0).
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Next, a resonant electromagnetic radiation with the same precession
frequency is applied (180˚ RF pulse). Hydrogen atoms adsorb the energy and
parallel protons with low energy flip to the high-energy state. After the removal of
RF pulse, the protons’ magnetization starts to flip back to its initial state. The
process of change in the magnetization from a high- to low-energy state over time is
presented in Equation 1.3:12

𝑀- = 𝑁 1 − exp −

𝑡
𝑇6

Equation 1.3. Longitudinal magnetization recovery

In this exponential recovery, time constant T1, or spin-lattice relaxation time,
refers to the time taken to restore magnetization on the z-axis, and N indicates the
proton density in the specific tissue. The variation in the relaxation rates of each
tissue determines the contrast in the T1-weighted image. For instance, protons of fat
have a faster relaxation process than protons of cerebrospinal fluid (CSF) in the
body, so fat appears brighter as a result.13
If the excitation pulse irradiates at a lower frequency, a portion of protons
flips at a smaller angle (90o RF pulse), with some protons flipping at the same 180˚
angle. While the T1 relaxation process still occurs for protons in antiparallel
directions, another process referred to as T2 takes place for protons on the x-y
plane.14 In this process, synchronization actually occurs immediately after the 90˚
pulse, and protons on the x-y plane all precess in one direction. The resulting Mxy
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vector is equal in size to the initial Mz, but it is only with a 90˚ flip in that direction
that it is able to generate a signal strong enough for the receiver coil to detect. This
synchronization is a transient phenomenon; transverse magnetization decays with a
T2 or spin-spin relaxation time constant (see Equation 1.4), which ultimately
generates a T2-weighted image.12

𝑀78 = 𝑁 exp −

𝑡
𝑇9

Equation 1.4. Transverse magnetization dephasing

The dephasing process is the result of the fact that the magnetic field across
the sample is not perfectly uniform. This inhomogeneity results from both internal
and external phenomena. The internal phenomena relate to the binding of
molecules to different molecules or local magnetic field distortion due to certain
magnetic properties of the tissue such as paramagnetic or diamagnetic
components.8 For instance, water, bone, or fat distort a magnetic field in different
ways and as a result, each proton feels a different magnetic field. In contrast,
external inhomogeneity such as an imperfect magnet can also alter the magnetic
field, which is different for each MRI unit. Equation 1.5 represents how field
inhomogeneity or susceptibility effect, referred to as γBs, may affect T2 time
measurement:8
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1
1
+ 𝛾𝐵<
∗ =
𝑇9
𝑇9

Equation 1.5. Field inhomogeneity effect on transvere relaxivity

Here, T2 expresses the relaxation time as it is affected by internal dephasing
only. However, since an actual MRI procedure also considers the effect of external
inhomogeneity, the measured transverse relaxation time is expressed as T2* in that
case.
As shown in Figure 1.2a,b, the relaxation process of a 180˚ RF pulse is only
due to the T1 effect. However, in a 90˚ RF pulse, both longitudinal and transverse
relaxation take place at the same time.
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Figure 1.2. Principle of MRI relaxation processes.
(a) Change in magnetization after 180˚ Pulse. (b) Change in magnetization vectors
after 90˚ Pulse.

Based on Faraday’s law, when the magnetic field varies in time, it will induce
a current that is proportional to the rate of change in the magnetic field. Since T1 is a
slow process, the change in magnetization produces a weak current and the
detector is thus not able to receive it. In a 180˚ RF pulse procedure, only Mz changes,
so T1 cannot be taken up by receiver coils (Figure 1.3a). However, dephasing of Mxy
occurs rapidly while precessing with Larmor frequency and the receiver can then
detect the induced current. Therefore, a 90˚ pulse is essential for measuring both
relaxation times. According to Faraday’s law, T1 is the time when Mz reaches 63% of
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the starting magnetization and T2 is the time when Mxy decays to 37% of the
maximum transverse magnetization (Figure 1.3b,c).11 T2 is always shorter than T1
since transverse magnetization decays faster than longitudinal magnetization.
However, this change in magnetic field is not linear. As T2 is decaying, T1 begins to
recover simultaneously. The shrinking and precession of Mxy, along with the
increase of Mz, cause net magnetization’s motion in space to be shaped in a spiral
(Figure 1.3d). Receiver RF coils collect a sine wave over this period called free
induction decay (FID), which is decaying with time constant T2*. 12
Erwin Hahn discovered that by applying a 180˚ pulse after a 90˚ pulse, the
external inhomogeneity effect can be canceled.15 The spin echo mechanism delays
the signal and creates enough time to manipulate the image contrast. Repetition
time (TR) represents the time difference between the initiation of the first 90˚ pulse
and the next cycle, while echo time (TE) refers to the time period between the
application of the 90˚ pulse and the echo signal (Figure 1.3e). Variation of TR and TE
greatly impacts the ability to control the final image contrast.15
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Figure 1.3. MRI parameters.
(a) Mz recovery after 180˚ Pulse, (b) T1, (c) T2 relaxation time after 90˚ Pulse, (d)
Spiral motion of magnetization in space during relaxation process, and (e) Pulse
sequences in the spin echo process.

1.3. MRI Contrast Agents
One major challenge faced when using MRI is its relatively low image
resolution. Contrast agents may overcome this challenge by shortening the
relaxation times of nearby water molecules. A faster proton relaxation process
results in greater contrast among tissues, generating a higher resolution image.
While all contrast agents decrease both T1 and T2 relaxation times, their ability to
shorten each process varies significantly.16 Contrast agents are classified into two
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main categories based on their capability to enhance each relaxation rate: T1 and T2
contrast agents. T1 contrast agents refer to those that affect longitudinal relaxation
rate (1/T1) as roughly as transverse relaxation rate (1/T2).17 They generate positive
contrast in T1-weighted images since a faster T1 relaxation process increases the
signal intensity. On the other hand, T2 contrast agents are able to alter 1/T2 to a
much greater extent than the other process. They are referred to as negative
contrast agents since faster dephasing of protons on the transverse plane reduces
the signal intensity.17
Relaxivity values, r1 and r2, are important metrics for MRI contrast agents.
Relaxivity quantitatively defines the ability of a contrast agent to enhance the image
resolution. As presented in Equation 1.6, relaxivity represents a change in the
relaxation rates (1/Ti) after the addition of a contrast agent, normalized to the
concentration of the contrast agent ([C]). 18
∆ (1 𝑇 )
>
𝑟> =
[𝐶]

𝑖 = 1, 2

Equation 1.6. Relaxivity definition: r1 and r2

In addition to the ability of a contrast agent to reduce one relaxation time
more than the other, the ratio between each relaxivity value is also very important.
As mentioned before, the signal intensity of the spin echo received by RF coils
depends on both T1 and T2 times, which is expressed in Equation 1.7 as follows:10
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𝐼 = 𝑀( 1 − exp −

𝑇G
𝑇6

exp −

𝑇H
𝑇9

Equation 1.7. Spin echo signal intensity

If a substance has a high r1 value but at the same time shows very high r2, it is
still considered a T2 contrast agent. Based on Equation 1.7, an extremely fast T2
relaxation process or high 1/T2 rate diminishes the effect of a contrast agent as the
signal decays. As a general estimation, a contrast agent with a r2/r1 ratio in the
range of 1-5 is considered a T1 agent. In contrast, a r2/r1 ratio larger than 5 implies
an active T2 contrast agent.19
1.3.1. T2 MRI Contrast Agents
The T2 contrast agents that are currently available commercially are based
on superparamagnetic iron oxide nanoparticles.20-22 Superparamagnetic substances
under the influence of an external magnetic field act as magnetic materials that
ultimately induce the inhomogeneity of the local magnetic field (Figure 1.4). As
discussed earlier, in the T2 relaxation process, inhomogeneities accelerate the
proton dephasing rate. It is also important to note that magnetic nanoparticles as
contrast agents strongly affect T2*. This value and the corresponding r2* become
significant in situations with large magnetic inhomogeneities, which are caused here
by magnetic nanoparticles.8, 10
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Figure 1.4. T2 MRI contrast agent.
Superparamagnetic iron oxide nanoparticle induces local magnetic field
inhomogeneities and results in reduced T2 relaxation time.

The high susceptibility of these nanoparticles induces local distortion of
nearby normal tissues, which is referred to as the blooming effect.23 This could be a
disadvantage for distinguishing background from lesions. While magnetic
nanoparticles such as Feridex received FDA approval for clinical use, their
production has been discontinued after almost a decade on the market.22 This
decision is related both to the possible chronic effects of iron in the liver as well as
to the limited image resolution resulting from negative contrast in clinical
applications. Given these drawbacks, T1 contrast agents demonstrate stronger
potential for efficient performance in MR imaging.
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1.3.2. T1 MRI Contrast Agents
T1 contrast agents have several benefits that make them ideal to generate
contrast in MR images. Perhaps their most significant advantage over T2 agents is
the ability of T1 contrast agents to create positive contrast. High signal intensity
maximizes the visualization of anatomic details with high spatial resolution. In
addition to signal enhancement, these agents also offer the benefit of not distorting
the magnetic homogeneity of neighboring tissues, thus leaving other anatomical
backgrounds unaffected.18
To achieve an effective T1 relaxation process, water protons need to
encounter a fluctuating magnetic field that can induce spin transition and therefore
spin relaxation.18 In the absence of any contrast agent, this fluctuating magnetic field
comes only from the protons of nearby tissues such as protein or lipids. However, a
source of electrons can shorten relaxation time more efficiently than protons since
the magnetic field of an electron is about 658 times more potent than that of a
proton. As such, gadolinium ion is the best candidate for a T1 contrast agent due to
its seven unpaired electrons, large magnetic moment, and symmetric electronic
ground state8,

17, 18, 24.

To diminish the toxicity effect of this heavy metal ion,

commercially available gadolinium-based contrast agents come in the form of
chelate complexes. As of 2016, all available gadolinium-based contrast agents were
gadolinium ion complexes, as presented in Figure 1.5.25
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Figure 1.5. FDA-approved gadolinium-based contrast agents.

The interaction of water molecules with gadolinium ion can be mediated
through three different contributions depending on the distance to water protons:
inner-sphere, 2nd-sphere, and outer-sphere relaxivity.17 The greatest contribution to
overall relaxivity comes from the water molecules in the inner-sphere region where
they directly interact with the available coordination sites for gadolinium ion (2.7-
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3.3 Å).17, 26 Gadoliniums in the 2nd-sphere and outer-sphere regions affect overall
relaxivity much less than those in the inner-sphere region.27,

28

Figure 1.6

demonstrates the important parameters that affect the efficiency of the relaxation
process, which will be explained in more detail later in this section.

Figure 1.6. Effective parameters on T1 relaxation process.
In the presence of a gadolinium atom, relaxivity depends on electronic relaxation
(τs) and tumbling (τR) correlation times, water exchange rate (1/τm), and
gadolinium-hydrogen distance (rH).

The Solomon-Bloembergen-Morgan approach (Equation 1.8) defines the
effective factors for relaxivity arising from inner-sphere water molecules (q) with
the relaxation time of T1m and the residence time of τm:17, 18, 29
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𝑞

𝑟6IJ =

[𝐻9 𝑂]
𝑇6N + 𝜏N

Equation 1.8. Inner-sphere relaxivity

In order to achieve sufficient relaxivity, the denominator of Equation 1.8
should be minimized. Therefore, both relaxation of the bound water molecules and
their exchange rate with bulk solvent should be as fast as possible. For most T1
contrast agents, water residence time is shorter than their relaxation time. Thus a
major challenge to designing an enhanced T1 MRI contrast agent is to shorten T1m
while also considering all effective factors limiting this process (Equation 1.9):17
1
2 𝛾Q9 𝑔S9 𝜇U9 𝑆(𝑆 + 1)
7𝜏Y9
3𝜏Y6
=
+
W
9
9
9
𝑇6N
15
1 + 𝜔J 𝜏Y9 1 + 𝜔Q9 𝜏Y6
𝑟Q

Equation 1.9. T1 relaxation time of inner-sphere water molecule

Here rH is the distance between the gadolinium ion and the bound water
protons, ωH is proton Larmor frequency, ωS is electron Larmor frequency, ge is free
electron Landè factor, μB is Bohr magneton, and S refers to the electron spin
quantum number of gadolinium. Relaxivity is also dependent on the overall
correlation time and its average rate constant (1/τc), which includes the exchange
rate of bound water molecules (1/τm), the rotational diffusion of the contrast agent
(1/τR), and the electronic relaxation rate of the metal ion (1/τS). The contribution of
each process in the overall correlation times is given in Equation 1.10:
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1
1
1
1
=
+ +
𝜏Y 𝜏N 𝜏G 𝜏J

Equation 1.10. Inner-sphere relaxivity correlation times

A key approach to improving relaxivity is to slow down the rotational motion
and increase τR. Since a tumbling complex generates a fluctuating magnetic field
with a rotational rate in the range of GHz, its rate is too fast for the relaxation
process, considering proton Larmor frequency on the order of MHz at the clinical
MRI field strength.17, 24, 30-32 Thus the fast rotational tumbling rate of chelates is a
major barrier to achieving high relaxivity.
Recently, gadolinium-containing nanocrystals have received increased
attention as a solution to slow down the rotational rate and thereby enhance
relaxation efficiency.8 Moreover, nanostructures may offer other possibilities for
MRI that molecular contrast agents are not able to provide. Specifically, they can
improve positive contrast due to their strong surface modification capability and
bioactive material labeling. In spite of molecular species that are not able to pass the
cell membrane, cells usually take up a wide variety of nanocrystals, which in this
case may allow cellular imaging applications using MR imaging with sufficient
sensitivity.33
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1.4. Synthesis of Gadolinium-Based Nanocrystals
There are various synthesis methods for inorganic crystalline gadoliniumbased nanostructures. These types of nanocrystals are mostly prepared using
colloidal chemical methods such as thermal decomposition or the polyol process.34,
35

The main challenge of designing nanocrystals for imaging applications is reaching

the optimal conditions that allow precise control over the size, shape, and
hydrophilicity of nanocrystals.24,

26, 28, 36

Each method offers different advantages

along with some limitations. In general, the thermal decomposition method is an
excellent process to synthesize nanocrystals that are uniform in size and shape with
the main advantage of controllable parameters to gain the desired properties.
39However,

37-

this method is best suited for preparing hydrophobic nanocrystals,

which is a limitation for any biological application. In contrast, a water- or polyolbased synthetic method is limited due to its inability to provide narrow size
distribution or shape uniformity, but it is generally the first choice for the
production of hydrophilic nanocrystals.36,

40-42

It should be noted that additional

synthesis methods besides the two mentioned here, such as hydrothermal
approaches, have been employed by multiple groups to form different types of
gadolinium-based nanocrystals.43-45
In 2004, Cao conducted one of the earliest studies of gadolinium oxide
nanocrystal synthesis using the thermal decomposition method.46 He synthesized
high quality plate-shaped gadolinium oxide nanocrystals from gadolinium acetate in
a solution of 1-octadecene, oleic acid, and oleylamine at 290˚C under a nitrogen
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atmosphere. The resultant nanoplates were single crystalline with a thickness of
nearly 1.1 nm and the capability of lying on their large dimensions or standing on
their edges.
In continuation of the Cao study, Paik et al. found that they could control the
shape of gadolinium oxide nanocrystals at the optimized temperature and reaction
time by adding lithium hydroxide to the nonpolar solvent mixture of 1-octadecene
and oleic acid at 110˚C.47 They successfully transformed the initial tripodal-shape
nanocrystal into a triangular shape by extending the reaction time or increasing the
temperature from 300˚C to 320˚C. The authors hypothesized that a triangular shape
is thermodynamically more stable than early stage branched nanoplates if sufficient
energy is provided (Figure 1.7).

Figure 1.7. Shape transformation of gadolinium oxide nanoplates.
By increasing the reaction time from 30 min to 4h at 300˚C, the shape of gadolinium
oxide nanoplates transformed from tripodal to triangular.47
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The thermal decomposition method was not only successful for synthesizing
gadolinium oxide nanocrystals, but also for synthesizing other gadolinium-based
nanostructures. A study conducted by Hou et al. further developed a high
temperature thermal decomposition method that led to the formation of sodium
gadolinium fluoride nanocrystals (NaGdF4). Based on their procedure, nanocrystals
were formed through the replacement reaction between gadolinium chloride and
ammonium fluoride in the presence of oleic acid, sodium hydroxide, and 1octadecene at 300˚C. They optimized the reaction temperature and time in order to
control the size and monodispersity of the resulting nanocrystals. Later in the study,
they functionalized the particles with asymmetric PEG-containing phosphate and
maleimide groups, which improved colloidal stability and water solubility.
While

the

high

temperature

thermal

decomposition

method

has

demonstrated the ability to control the size and uniformity of nanocrystals, multiple
research groups have also attempted to synthesize gadolinium-based nanocrystals
through a chemical reduction process. In particular, reduction of gadolinium salts
using ethylene glycol at high temperature has been of interest for use in nanocrystal
synthesis for biological purposes. Fortin et al. reported the synthesis of gadolinium
oxide nanocrystals via the polyol process through gadolinium nitrate reduction with
diethylene glycol (DEG) at 100˚C followed by the addition of a hydrolysis agent at
210˚C.48 To improve water solubility, they treated the nanocrystals with
polyethylene glycol-silane (PEG-silane). The researchers found that biocompatible
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polymers such as PEG improved the biodistribution and cellular uptake of
nanocrystals while preventing particles from aggregation.
Bridot et al. later modified the polyol procedure through the growth of a
luminescent polysiloxane shell on gadolinium oxide nanocrystals.40 The resulting
hybrid particles had diameters ranging from approximately 2 to 5 nm. The
researchers observed undesired aggregated gadolinium hydroxide in the presence
of higher amounts of alkaline water. To obtain larger nanocrystals, they repeated
the synthesis steps by adding the smallest particles as the nucleation sites in a DEG
solution containing gadolinium chloride (Figure 1.8). The inner part of the
polysiloxane shell was then functionalized with fluorescent dyes and PEG
carboxylate on the outer part. Carboxylate groups of PEG in the postfunctionalization improved colloidal stability due to the electrostatic repulsions
between nanocrystals.
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Figure 1.8. Synthesis of hybrid gadolinium oxide nanocrystals.
Gadolinium oxide nanocrystals were formed from gadolinium chloride in the
presence of sodium hydroxide and further embedded in a fluorescent polysiloxane
shell.40

The hydrothermal method is another synthesis process that combines the
benefits of growing the crystal phase of materials that are unstable near their
melting points and synthesizing large, high-quality crystals. This process is
generally explained as crystal growth in an aqueous solution at a high temperature
and under high constant pressure from materials that are insoluble under normal
conditions. Among the first to demonstrate the benefits of this process in
synthesizing gadolinium-based hybrid nanoparticles were Hifumi and colleagues.43
In particular, Hifumi et al. were the first group to employ the hydrothermal
synthesis method to produce nanocrystals with a core of gadolinium phosphate and
a dextran coating. The dextran coating improved the stability and solubility of highly
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crystalline paramagnetic gadolinium phosphate in water. The researchers
addressed the biocompatibility of these nanocrystals by showing that gadolinium
ion did not leak from nanocrystals in an aqueous solution.
The synthesis of gadolinium-based nanocrystals via the hydrothermal
method was expanded upon by Liu et al., who synthesized hybrid mesoporous
gadolinium oxide nanorods.44 By employing the hydrothermal process, they were
able to achieve a facile strategy for producing large-scale PEGylated europiumdoped gadolinium oxide nanocrystals with perfect rod-shape morphology and welldefined mesopores.
Another interesting study was conducted by Liang et al., which demonstrated
the synthesis of ultrasmall gadolinium-hydrated carbonate nanocrystals (GHC-1) via
the hydrothermal process.45 Nanocrystals were formed in the presence of poly
(acrylic acid) and pure ethylene glycol (Figure 1.9). Of particular interest is their
discovery that even a small portion of water can lead to the formation of turbid
product, indicating aggregated particles. The concept behind the use of poly (acrylic
acid) was to render carboxylate-functionalized nanocrystals and to prevent
aggregation formation due to the chelating effect.
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Figure 1.9. Schematic illustration of synthesis of GHC-1 nanocrystals.
Nanocrystals were formed using the hydrothermal synthesis method; the surface
gadolinium ions can induce the relaxation of water protons.45

In addition to the mentioned methods, an important study by Park et al.
successfully synthesized ultrasmall gadolinium oxide nanocrystals by refluxing
three kinds of gadolinium ion precursors in tripropylene glycol under the air
atmosphere.49 The resulting monodisperse ultrasmall nanocrystals had dimensions
between 1 to 1.5 nm. High-resolution transmission electron microscopy (HRTEM)
confirms the presence of cubic-phase gadolinium oxide nanocrystals with a bixbyite
structure. To enhance hydrophilicity and biocompatibility, the researchers coated
nanocrystals with D-glucuronic acid, which was able to address both concerns.
Each of the studies discussed in this section independently demonstrated
how different synthesis methods, precursors, and reaction parameters could
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influence the characteristics of synthesized nanocrystals. To determine which types
of gadolinium-containing nanocrystals may be suitable for MRI application, their
performance as T1 contrast agents, and their relaxivities in particular, are
considered in the following sections.

1.5. Relaxometric Properties of Gadolinium-Based Nanocrystals
Extant research on the relaxometric properties of gadolinium-based
nanocrystals is explored in this section. Lanthanide or transition metal-based
nanocrystals exhibit properties that can enhance the relaxation rate of water
molecules, indicating their potential as efficient contrast agents. Metal ions such as
manganese (II), copper (II), iron (III), or gadolinium (III) all have high magnetic
moments, and nanocrystals containing these metals can offer a large number of ions
on their surface. Among these, gadolinium-based nanocrystals are the best
candidates as T1 MRI contrast agents since they have large magnetic moments with
a symmetric electronic state and are currently commercially available in the form of
complexes. As discussed earlier, in order to exceed the performance of commercial
materials, nanocrystals should possess a large r1 and small r2 so that they can hold
the r2/r1 ratio in the range of 1-5. The other crucial challenge is toxicity, which
requires appreciable biocompatibility and a well-recognized clearance pathway.
In a recent study, Ahrén et al. attempted to enhance the relaxation process of
water protons by synthesizing PEGylated gadolinium oxide nanocrystals purified
through dialysis treatment.50 The researchers noted that dialysis times of different
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lengths affect the nanocrystals’ performance in MRI relaxation measurements.
Nonfunctionalized as-synthesized nanocrystals showed smaller values for relaxivity
as dialysis time increased. In contrast, by increasing the period of dialysis treatment
from 1 day to 6 days for PEGylate nanocrystals, r1 relaxivity increased from 5.7 to
22.8 mM-1s-1. The researchers claimed that the excess amount of free capping agents
may reduce water accessibility to the gadolinium core. They also observed less
significant activation of neutrophils when it was exposed to PEGylated gadolinium
oxide nanocrystals compared to uncapped nanocrystals. Later in the study, they
equipped nanocrystals with rhodamine to represent the targeting capability of the
PEGylated particles.
In another study, Rotz et al. introduced a new class of gadolinium-containing
contrast agent by conjugating gadolinium-labeled DNA onto gold nanostars (DNAGd@stars).51 It was found that they could remarkably enhance r1 relaxivity in
comparison with commercial complexes. The researchers explained that the shape
and surface chemistry of nanocrystals can greatly impact relaxivity. They
demonstrated this by employing spherical conjugates (DNA-Gd@spheres) as well as
DNA-bound gadolinium (Gd(III)-DNA), as shown in Figure 1.10a. Interestingly,
nanostar conjugates showed r1 relaxivity of 54.7 Mm-1s-1 while r1 of DNAGd@spheres and Gd(III)-DNA were only found to be 14.6 and 9.5 Mm-1s-1,
respectively. The cancer cell incubation procedure showed 50 times higher cellular
uptake for DNA-Gd@stars than the commercially available contrast agent ProHance
(Figure 1.10b,c).
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Figure 1.10. Investigation of shape effect on proton relaxation.
(a) Relaxivities of ProHance, gadolinium containing complex, DNA-Gd@sphere, and
DNA-GD@stars. (b) Confocal images of DNA-Gd@stars taken up by PANC-1 cells. (c)
Cellular uptake amount quantified by ICP-MS.51

Colvin and colleagues also examined gadolinium oxide nanocrystal relaxivity
in a recent study, greatly improving the performance of gadolinium oxide
nanoplates as T1 MRI contrast agents by encapsulating the nanocrystals with
octylamine-modified poly(acrylic acid) (PAA-OA), as shown in Figure 1.11a.52 The
researchers measured r1 with a value of 47.2 mM-1s-1 and a r2/r1 ratio of 1.7, which
is among the highest values reported for longitudinal relaxivity of gadolinium-based
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nanocrystals (Figure 1.11b,c). They mediated this significant improvement through
the immobilization of gadolinium on the surface of nanocrystals and the modulation
of water diffusion by the polymer. According to the in vitro cell viability study, PAAOA-coated nanoplates did not show meaningful cytotoxicity effect.

Figure 1.11. Gadolinium oxide nanoplate with high relaxivity.
(a) Schematic illustration of surface functionalization of a gadolinium oxide
nanoplate using oleic acid or PAA-OA, (b) Plot of relaxation rates of PAA-OA-coated
nanoplates, and (c) T1-weighted images for surface functionalized gadolinium oxide
nanoplates in comparison with Magnevist.52

The synthesis of ultrasmall NaGdF4 nanocrystals was expanded upon by
Johnson and colleagues.53 They carried out a simple size-selective method to
synthesize four sizes of nanocrystals, which the authors claimed to be the first
evidence of size controllable synthesis of lanthanide-based nanocrystals smaller
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than 10 nm (Figure 1.12a-d). They were successful in improving relaxivity of this
class of particles to a value almost 2 times higher than Magnevist. Because varying
the size of the nanocrystal can affect both surface-to-volume ratio and rotational
tumbling rate in opposition to each other, they performed relaxation measurements
for particles with different sizes. By increasing the size of nanocrystals, lower
relaxivity was achieved. Therefore, the researchers interpreted surface-to-volume
ratio as making a greater contribution to overall relaxivity (Figure 1.12e).

Figure 1.12. Relaxation rates of size-tunable NaGdF4 nanocrystals.
(a-d) TEM images of particles with 2.5, 4.0, 6.5, and 8.0 nm sizes. (e) Relaxation rate
plot for different sizes of NaGdF4 nanocrystals.53

Abdesselem et al., in turn, reported the synthesis of multifunctional
nanocrystals including gadolinium (III) and europium (III) ions in an yttrium
vanadate-matrix (GdVO4 and Gd0.6Eu0.4VO4). In addition to enhancing the relaxation
rate of water protons, they found that the nanocrystals could emit strong
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luminescence. Moreover, higher relaxivity values for pure or europium-doped
GdVO4 revealed their potential to be suitable agents for MRI applications (Figure
1.13. Figure 1.13a). MR images were acquired in order to determine the
biodistribution system, which revealed that the nanocrystals accumulated mostly in
the liver and the bladder. The authors noted that after the injection of particles, MRI
signal decreased in the liver (Figure 1.13b). They hypothesized that rapid uptake of
nanocrystals caused local field inhomogeneity and ultimately led to loss in the signal
intensity.

Figure 1.13. Rare-earth vanadate nanocrystals as MRI contrast agents.
(a) NMRD profiles for gadolinium-containing nanocrystals, and (b) T1-weighted
images before and after injection of dextran-coated Gd0.6Eu0.4VO4 nanocrystals.
White arrows correspond to the liver, showing darker contrast after the injection.54

While ultrasmall gadolinium oxide nanocrystals synthesized using the polyol
method can generate positive contrast in MRI, they can aggregate over time without
further surface functionalization. Faucher et al. studied the impact of agglomeration
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on the relaxometric properties of these nanocrystals.55 The researchers found that
r1 decreased for aggregated nanocrystals at all magnetic fields. For instance, at 0.47
T magnetic strength, r1 decreased from 2.6 to 1.8 mM-1s-1 for aggregated particles
with a hydrodynamic diameter that was 33 times larger than well-dispersed
nanocrystals. However, r2 relaxivity only showed a moderate difference at 0.47 and
1.41 T, but increased at 7 and 11.7 T. This behavior was discussed through the
modeling of aggregated particles as large magnetized spheres, which could disturb
the homogeneity of the local magnetic field. The authors’ findings demonstrated that
ultrasmall gadolinium oxide nanocrystals are efficient T1 contrast agents without
significant cytotoxicity effect.
A straightforward method for synthesizing gadolinium-based core-shell
nanocrystals was demonstrated by Dong et al.56 By leveraging the cation exchange
process, they were able to synthesize NaYF4:Yb,Tm-NaGdF4 core-shell nanocrystals
coated with polyvinypyrrolidone-10 (PVP) as potential MRI contrast agents. A
schematic illustration of synthesized nanocrystals in the researchers’ study is
presented in Figure 1.14. Due to the presence of a thin NaGdF4 shell, nanocrystals
exhibit r1 relaxivity per gadolinium (III) ion with a value of 2.33 mM-1s-1. The
relaxivity in this study is claimed to be one of the highest values ever reported for
NaYF4-NaGdF4 core-shell nanocrystals.
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Figure 1.14. Synthesis of NaYF4:Yb,Tm-NaGdF4 core-shell nanocrystals.56

In general, most gadolinium-based nanocrystals used as T1 contrast agents
come in the form of gadolinium oxide, gadolinium fluoride, and gadolinium
phosphate nanocrystals, and in some cases are embedded in a polysiloxane shell.
Table 1-1 provides a summary of materials that could be used as T1 contrast agents
in MRI applications.

Name

Core
Material

Core
(nm)

r1
(mM-1s-1)

r2
(mM-1s-1)

r2/r1

B0
(T)

Ref.

Year

PGP/dextran-K01

GdPO4

23

13.9

15

1.1

0.4
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2006

Gd2O3-DEG

Gd2O3

5-10

9.2

11.3

0.8

1.5

57

2006

GadoSiPEG

Gd2O3

2.2

8.8

11.4

1.3

7.0

40

2007

PEG-Gd2O3

Gd2O3

<3

9.4

13.4

1.4

1.5

48

2007

Gd-apoferritin

Gd2O3

5

75

240

3.2

0.2

58

2009

Gd2O3:Yb,Er

Gd2O3

2.5

1.5

-

9.4

59

2010

55

GMP

Gd2O3

3.1

22.8

31.2

1.4

1.5

50

2010

Gd2O3

Gd2O3

2-5

5.3

17.2

3.2

1.5

60

2011

Β-NaGdF4

NaGdF4

2.5

7.2

23

3.2

1.5

53

2011

US-Gd2O3

Gd2O3

3

3.4

4.6

1.3

1.5

55

2011

NaYF4;Yb,Tm-NaGdF4

NaGdF4

19.8

2.3

160

70

9.4

56

2012

NaGdF4-PEG-mAb

NaGdF4

8.7

19.8

-

-

3.0

61

2013

Gd2O3

Gd2O3

-

1.4

140

99.3

9.4

47

2013

GdNP

Gd2O3

3

8

9

1.1

1.5

62

2013

GdVO4

GdVO4

41

0.95

1.3

1.08

0.4

54

2014

Gd2O3-PVP

Gd2O3

2.9

12.1

33.1

2.7

7

63

2014

Gd2O3-PAA-OA

Gd2O3

2

47.2

82.4

1.7

1.4

52

2014

BSA-PEGD-GNP

Gd2O3

2

6

28

4.6

3.0

64

2014

DNA-Gd@stars

Au

38.8

54.7

-

1.5

51

2015

NaGdF4:Yb,Er@NaGdF4

NaGdF4

18.6

2.55

-

3.0

65

2015

-

Table 1-1. MR relaxometric properties of gadolinium-based nanocrystals.

1.6. MRI Applications of Gadolinium-Based Nanocrystals
This section discusses the applications of gadolinium-based nanocrystals in
MR imaging. It has been well established that early detection of cancer can greatly
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improve the chance of successful therapy and survival rates. Among the current
screening methodologies that are used, biomedical imaging, and MRI in particular, is
one of the most effective diagnostic techniques. However, MRI sensitivity is often
not high enough to distinguish small-sized tumors from the biological background.
To enhance MRI resolution, T1 contrast agents are used, which generate positive
contrast and can increase the chance of visualizing tumors at an early stage. Existing
research on the application of contrast agents in MR imaging is reviewed below.
Gao and colleagues reported a T1 contrast agent based on the intrinsic
relaxometric properties of NaGdF4 coated by PEG-bearing phosphate and maleimide
groups (NaGdF4-PEG).61 Surface functionalization was performed in order to
increase water solubility and covalently conjugated anti-EGFR monoclonal antibody
(mAb), a tumor-specific ligand to the maleimide residue of PEG. Both in vitro cell
binding assay and in vivo MR images proved that the NaGdF4-PEG-mAb binds to the
EGFR expressed on the tumor cells. Later in the study, the researchers performed an
in vivo MRI experiment to visualize enhancement in the detection of intraperitoneal
xenograft tumor models by using NaGdF4-PEG-mAb contrast agents (Figure 1.15).
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Figure 1.15. Tumor-specific targeting of NaGdF4 nanocrystals.
(a) NaGdF4-PEG-mAb molecular probe, (b) T1 relaxation times before and after
injection of the molecular probe, and (c) T1-weighted images of tumor-bearing mice
before and after injection of contrast agents.61

Early diagnosis of lymphatic metastasis via MRI may greatly increase the
chance of survival of patients with gastric cancer. In a recent study, Gao’s group
reported using core@shell nanostructured NaGdF4:Yb,Er@NaGdF4 for the detection
of lymphatic spread.65 They found that a NaGdF4:Yb,Er core with a NaGdF4 shell
increased the efficiency of upconversion luminescence and at the same time
enhanced the relaxation rate owing to the presence of Gd (III) ions. The nanocrystal
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converted to an active targeting probe through a PEG ligand covalently attached to
the anti-gastric cancer antibody MGb2. Notably, MRI and upconversion
luminescence imaging showed the effective tumor-targeting ability of the
nanocrystal by detecting a tumor smaller than 1 mm (Figure 1.16).

Figure 1.16. Detection of gastric tumor by upconversion nanocrystals.
(a) core@shell structure cancer targeting probe, (b) upconversion luminescence
images overlapped with fluorescence images of SGC7901 cells after the addition of
NP-MGb2, (c) optical image after injection of NP-MGb2, and (d) T1 relaxation rate of
PEGylated core particles and core@shell nanocrystals.65

In another study, Le Duc et al. used ultrasmall gadolinium-based
nanocrystals to successfully increase the survival of rats bearing brain tumors by
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combining MR imaging and microbeam radiation therapy (MRT).66 Synthesized
hybrid nanocrystals had a gadolinium oxide core with a fluorescent and hydrophilic
polysiloxane shell that could express all characteristics for the theranostic agents,
such as sufficient contrast enhancement, X-ray microbeam dose enhancement,
passive tumor accumulation, and renal clearance.
Owing to the great potential of MRI, cell therapy and tissue engineering
applications have been of interest to the scientific community. In an effort to
improve the performance of MR imaging, Wilheml and colleagues demonstrated the
detection of two cell types simultaneously at any tissue depth.62 They achieved this
cellular-scale resolution by using nanocrystals containing iron oxide and gadolinium
oxide as MRI contrast agents. Endothelial cells along with stem cells were labeled
with both contrast agents, which their contrast properties optimized based on the
type of contrast agent. Cell lines were seeded together in biomaterial specialized for
tissue engineering, and MRI enabled visualization of one cell line in black and the
other in white (Figure 1.17). The impressive results of Wilhelm’s group demonstrate
an important step in developing cell therapies and tissue engineering.
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Figure 1.17. Gadolinium and iron oxide nanocrystals for dual-cell imaging.
MR images of polysaccharide seeded with stem cells labeled with gadolinium oxide
nanocrystals or seeded with endothelial cells labeled with iron oxide nanocrystals.62

1.7. Conclusion
Compared to the molecular systems that are currently the only commercially
available T1 contrast agents, gadolinium-based nanocrystals are considered a new
generation of highly enhanced MRI contrast agents. These nanocrystals boast long-
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term stability and low toxicity and can offer high relaxivity, active targeting ability,
and multi-modality imaging. Recent advancements in the development of new
synthesis approaches and surface modifications have resulted in size-tunable and
well-dispersed nanocrystals that satisfy the basic requirements for biological
applications. However, many challenges still remain, such as toxicological effects,
biodistribution, and pharmacokinetics, which need to be addressed in order to fully
comprehend the impact of nanomaterials in living systems. The following chapters
present new experiments that were expressly designed to investigate these
challenging areas.
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Chapter 2

Materials and Methods

This chapter addresses the materials and methods that were used to conduct
the various experiments that formed part of the current study. This includes a
description of gadolinium oxide nanocrystal synthesis, nanocrystal surface
modification, physicochemical characterizations, relaxometric measurement, and
Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC). An in vitro
cellular study, biodistribution and pharmacokinetic in vivo studies, a non-alcoholic
fatty liver disease experiment, and chicken embryo cell tracking are also described.

2.1. Synthesis of Gadolinium Oxide Nanocrystals
In this section, the materials and procedures for gadolinium oxide
nanocrystals are described. These nanocrystals are one of the main materials
utilized in the experiments for the present study.
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2.1.1. Materials
The materials utilized for nanocrystal synthesis included gadolinium nitrate
hexahydrate (Gd2(NO3)3.6H2O, 99.9% trace metals basis), oleic acid (OA, 99 %), 1octadecene (ODE, 90%), and oleylamine (OLAM, 70%), which were purchased from
Sigma-Aldrich. In addition, hexane and acetone (both certified ACS grade) were
utilized, which were purchased from Fisher Scientific. All reagents were used
without further purification.
2.1.2. Synthesis Procedure
In this study, gadolinium oxide nanocrystals were formed with varying
surface-to-volume ratios using the synthetic approach reported by Cao in 2004.
First, gadolinium nitrate hexahydrate (4 mmol, 1.8 g) with a variable amount of oleic
acid (4-12 mmol, 1.1-3.4 g) and 1-octadecene (10 g) were mixed in a 50 mL threeneck round-bottom flask (Figure 2.1a). One neck of the flask was left open to allow
water to evaporate (Figure 2.1b). Gadolinium oleate complexes were formed after
heating the mixture for 5h while stirring vigorously at 110˚C under a nitrogen
atmosphere, with complex formation indicated by color change to a clear pale
brown solution (Figure 2.1c). The duration of this step had an important effect on
the next step in the synthesis process. The heating process at 110˚C lasted at least
5h to ensure that all water molecules that escaped from the starting salt were
evaporated; otherwise the reaction could become explosive at a higher temperature.
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As such, the reaction scale was never increased in order to avoid an explosive
reaction.
Next, following the addition of oleylamine (0-12 mmol, 0-3.2 g), the reaction
temperature was gradually increased to 290˚C. It is important to mention that
during this process, the third neck of the flask was closed, with only the end of the
long purging nitrogen tube left open. Although the temperature was increased
gradually, at approximately 200˚C, the solution became very vigorous. The
evaporated solution cooled in the condenser and returned to the mixture, causing
small explosions in the reaction and preventing the temperature to rise. Overall, it
took up to one hour for the temperature to reach 290˚C, and at all times the flask
under the hood was supervised carefully. After the desired amount of time (3-18h),
a black solution of gadolinium oxide nanocrystals with the anticipated size was
formed, which was then diluted by adding approximately 20 mL of hexane (Figure
2.1d).
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Figure 2.1. Synthesis steps of gadolinium oxide nanocrystals.
(a) Setup of the synthesis reaction in a 3-neck round-bottom flask. (b) First step in
the reaction: oleic acid, gadolinium salt, and 1-octadecene were mixed at 100˚C. (c)
Gadolinium oleate complexes were formed after 5h, indicated by color changing to
light brown. (d) Gadolinium oxide nanocrystals were formed at 290˚C after 3-18h.

In order to purify the synthesized nanocrystals, the solution was divided into
5-10 mL aliquots in 50 mL centrifuge tubes (Corning, CentriStar Cap). Acetone was
added to each centrifuge tube to reach the final volume of 40 mL, and the resulting
two-phase mixture was then centrifuged (Thermo Scientific, Legend RT+) for 30
minutes at 4,000 rpm. The clear dark supernatant was decanted, and the precipitate
was dispersed in 5-10 mL of hexane. This step was repeated at least six times. It is
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important to mention that only the first precipitate was soft, with a resulting
supernatant that was dark in color; the subsequent precipitants were hard, with
resulting supernatants that were pale brown in color. After the last centrifugation,
approximately 5 mL of hexane was added to the precipitates in each tube, and the
purified gadolinium oxide nanocrystals were stored in glass bottles for future use.

2.2. Surface Modification of Nanocrystals
This section discusses the materials and procedures involved in the surface
modification of the nanocrystals. This process was performed in order to prepare
the nanocrystals for the subsequent experiments.
2.2.1. Materials
The materials utilized for surface modification included lauryl acrylate (LA,
Technical grade, 90%), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS,
99%), azobisisobutyronitrile (AIBN, 12 wt. % in acetone), N,N-dimethylformamide
(DMF, anhydrous, 99.8%), Acrylic acid (AA, anhydrous), poly(ethylene glycol) (PEG
3k, 6k, and 10k), and diethylene ether (anhydrous, ACS reagent, ≥99.0%). All
materials were acquired from Sigma-Aldrich and used without further purifications.
2.2.2. Synthesis of Amphiphilic Polymers
Two amphiphilic polymers were synthesized in order to transfer the
nanocrystals from the organic to the aqueous phase. Poly (2-acrylamido-2-
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methylpropane sulfonic acid-lauryl acrylate) or PAMPS-LA and poly (acrylic acidlauryl acrylate) or PAA-LA polymers were formed by stirring through a reaction of
AMPS and AA, respectively, with LA in the presence of DMF. The ratio of AMPS, or
AA, to LA was approximately 5:1. Next, AIBN was used as the photoinitiator for the
polymerization process inside a UV reactor (253 nm) for 4h.
2.2.3. Phase Transfer Procedure
In this study, oleic acid-coated nanocrystals were dispersed in water using
three different polymers: PEG, PAMPS-LA, and PAA-LA. Unless otherwise stated, the
phase transfer procedure was the same for all three polymers.
To increase the efficiency of the process and achieve water-soluble
nanocrystals with high purity, the conditions were optimized in small aliquots of 2
mL of particles in hexane, just as they were prepared in section 2.1.2. As with the
aforementioned process, it did not work with a large amount of the solution in this
case either.
The surface functionalization process began by evaporating hexane until the
nanocrystals became very concentrated but not dry. Next, the concentrated particles
were diluted with 2 mL of diethyl ether in 20 mL glass vials. While the solution was
being mixed, 2 mL of the desired polymer was added and all vials were closed to
avoid the evaporation of ether. It is important to mention that—only when PAMPSLA and PAA-LA were used—, 2 mL of DMF was also added as part of the previous
step. We discovered that without the addition of DMF, the final nanocrystal solution
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became very cloudy in water. These mixtures continued to mix for 2h (PAMPS-LA
and PAA-LA) or 24h (PEG) to allow the encapsulation process to take place
efficiently. After this period of time, approximately 10 mL of deionized water was
added to each vial. It was expected that, for the solution containing PEG, some
aggregates might form during this step. This potential was overcome with 3-5
minutes of probe sonication (Hielscher, UP100H). The solutions were left to mix
overnight in open vials to allow the organic solvent to evaporate.
Purification was one of the most important steps in the phase transfer
process. To achieve the best result, purification was performed in two phases. The
first phase involved eliminating large aggregates by centrifuging the solutions of
each vial at 6000 rpm for 30 minutes. This included removing particles that were
not coated with polymers by discarding the hard precipitates. The supernatants
were then collected and placed into 26 mL ultracentrifuge tubes (polycarbonate,
Beckman Coulter) and centrifuged at a high speed of 45,000 using an ultracentrifuge
(Beckman Coulter, Optima L-90K) for three hours. Following this phase, the
precipitates were very soft, and tubes were therefore moved to the bench gently.
Those supernatants containing excess polymer were removed via pipetting with a
plastic pipette to avoid disturbing the precipitates. The ultracentrifugation process
was repeated three times until a clear light brown solution was achieved. Finally,
purified particles were filtered using 0.2 μm polyethersulfone (PES) membrane
filters (Watman Pauradisk 25 mm syringe filter PES, nonsterile), mixed with other
aliquots, and stored in glass vials for future use.
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2.3. Physicochemical Characterizations
As part of this study, nanocrystals in an organic or aqueous phase were
subjected to extensive characterization methods in an effort to identify their
structural, chemical, and magnetization properties. These methods included
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
super quantum interference device (SQUID), dynamic light scattering (DLS),
inductively coupled plasma optical emission spectrometry (ICP-OES), and Fourier
transform infrared spectroscopy (FTIR), which are each discussed below.
2.3.1. Transmission Electron Microscopy (TEM)
A JEOL 2100 field emission gun TEM operated at 200 kV with a single tilt
holder was employed to study the particle core sizes and the crystal structure in this
study. TEM samples were prepared by dropping 10 μL of a diluted nanocrystal
solution in hexane (nearly light brown solution) onto ultra-thin carbon type-A 400
mesh copper grids (Ted Pella Inc.). The grid type was important to prepare TEM
samples of gadolinium oxide nanocrystals since these particles are very thin and
they cannot generate high intensity contrast with respect to the background in TEM
imaging. Given their thin nature, the particles were sized manually using Image J for
images taken at 20K-40K magnifications by counting approximately 200 particles.
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2.3.2. X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was another characterization
method used to identify the nanocrystals’ various properties. First, the organic
coating was removed from the crystals and then the x-ray images were taken, as
described below.
2.3.2.1. Removal of Organic Coating from Nanocrystals
Gadolinium oxide nanocrystals synthesized using thermal decomposition
methods are coated by oleates, which can complicate solid-state characterization
such as XPS. In order to remove the organic coating, the nanocrystals underwent a
reaction with super hydride solution, a powerful reducing agent, as outlined below.
Super hydride solution is highly reactive and can interact with water in an
extremely exothermic reaction. To ensure the safety of the reaction conditions,
water and humidity must be avoided. We therefore performed all steps of the
experiment under a chemical hood wearing a face shield, lab coat, safety glasses, and
chemically resistant gloves for protection in the case of an incident. The first step in
the procedure was to measure 5 mL of super hydride solution using a very dry 10
mL syringe (Thermo Scientific). A 0.2 μm PEF syringe filter replaced the needle tip,
and the super hydride solution was slowly added over a two-minute period into a
50 mL centrifuge tube (Corning, CentriStar Cap) containing 5 mL of nanocrystals in
hexane. The exothermic reaction of the reducing agent with the nanocrystals
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generated bubbles. Soon after the disappearance of bubbles, the tube was closed
and sonicated for 10 minutes.
Next, 20 mL of ethanol was slowly added to the reagents in the tube. Some
bubbles were again observed during this stage of the reaction. After the bubbles
disappeared, the tube was placed in a bath sonicator for 10 more minutes. Following
sonication, the tube was filled with acetone up to 45 mL and was centrifuged at
11,000 rpm for 20 minutes. Hexane was then mixed into the solution by vortexing.
To ensure that the nanocrystals’ organic coating was removed completely, this
process was repeated three times until the addition of super hydride did not
generate any bubbles during the reaction. Finally, the product was dried in an oven
at 90˚C, crushed, and stored in powder form.
2.3.2.2. XPS Instrumental Procedure
* XPS data were collected by Natalia Gonzalez Pech
The elemental composition of the powder samples prepared in section
2.3.2.1 was investigated using a PHI Quantera XPS with an X-ray spot size of 200 μm,
pass energy of 140 eV for survey scans, and 26 eV for elemental scans.
2.3.3. Super Quantum Interference Device (SQUID)
* SQUID data were acquired and processed by Gabriela Escalera
As part of this study, a MPMS Quantum Design magnetometer was employed
to study the magnetic properties of the powder form of synthesized gadolinium
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oxide nanocrystals (Section 2.3.2.1). The magnetic saturation (Ms) measurements
were carried out at room temperature and under the influence of a field strength in
the range of -5 T to 5 T.
2.3.4. Dynamic Light Scattering (DLS)
Another method of characterization involved investigating the hydrodynamic
diameter of water-soluble nanocrystals using a Malvern Zen6300 Zetasizer NanoS
equipped with a 633 nm laser. To reduce the effect of aggregates, dust, and
impurities on the performance of the instrument, samples were filtered prior to the
measurement using a 0.45 um syringe filter and all data were collected in triplicate.
The average and standard deviation of hydrodynamic sizes reported in this study
were obtained from the number mean output over three measurements.
2.3.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was
also used for characterization of nanocrystal properties. In particular, the
gadolinium concentration of water-soluble nanocrystals was determined using a
Perkin Elmer Nexion 300 ICP-OES equipped with an autosampler. The sample
preparation process started with digesting 100 μL of nanocrystals in 70% nitric acid
(500 μL, trace metal basis) on a hotplate at ~90˚C for 2h. Next, acidified solutions
were filtered and diluted to 10 mL with deionized water using a 0.2 μm PES syringe
filter. Calibration curve samples were prepared by making certain gadolinium
concentrations of gadolinium standard stock solution (1000 mg/mL in nitric acid,
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TraceCERT, Sigma-Aldrich ) and adding 500 μL of 70% nitric acid to obtain a similar
matrix in comparison with nanocrystal samples.
2.3.6. Fourier Transform Infrared Spectroscopy (FTIR)
* FTIR spectra were obtained by Arash Bohloul
Another method used for nanocrystal characterization was Fourier
transform infrared spectroscopy (FTIR). Specifically, infrared spectra were obtained
in order to characterize the functional groups of the polymers, oleic acid-coated
nanocrystals, and polymer-coated nanocrystals using a Thermo Nicolet NEXUS 670
spectrometer equipped with a Mercury Cadmium Telluride (MCT) detector cooled
down with liquid nitrogen. One drop of water-soluble nanocrystals was deposited
on a calcium fluoride round window (diameter: 12 mm, thickness: 2 mm) and
placed in a dedicator overnight to evaporate the water. The baseline was acquired
using a bare calcium fluoride round window with a resolution of 4 cm-1 and 128
scans. Transmission spectra were taken from 800-4000 cm-1.

2.4. Relaxometric Measurement
The measurement of nanocrystal relaxation time was a critical component of
the present study. Longitudinal and transverse relaxation times of surface
functionalized gadolinium oxide nanocrystals were thus measured using a MR
relaxometer (NMR analyzer, minispec mq60, Bruker) as shown in Figure 2.2.
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Figure 2.2. MR relaxometer for measuring relaxation times.

For these experiments, samples with various concentrations of gadolinium
ions were prepared in Eppendorf tubes. Two hundred microliters of each sample
was injected into glass tubes (7.5 mm diameter) specified for this instrument. The
duration and setting parameters differed by sample. As an example, for a sample
with a T1 relaxation time in the range of 10-15 ms, instrument parameters were
chosen based on the following:
1) T1 time measurement: Recycle Delay (R.D.): 1 s, first pulse separation: 10
ms, and final pulse separation: 1000 ms.
2) T2 time measurement: R.D.: 0.5 s, number of not fitted echoes: 4, and
number of points for fitting: 50.
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2.5. Size-Exclusion High-Performance Liquid Chromatography
(SE-HPLC)
* SE-HPLC profiles were acquired by Daniel Garcia
This

study

also

involved

size-exclusion

high-performance

liquid

chromatography (SE-HPLC). An SE-HPLC profile was obtained using an Agilent 1100
Series to study the nanocrystal-protein interaction on the basis of size. Polymercoated nanocrystals were incubated with fetal bovine serum (FBS) or human serum
albumin (HSA) for the desired amount of time (for longer incubation times they
were stored in the refrigerator). Five hundred microliters of the protein-nanocrystal
mixture was placed in autosampler vials (Kinesis SureStop, 9 mm short tread) and
analyzed using an Ultrahydrogel-200 7.8 ×300 mm column (Agilent 1100 series)
with a bead size of 2 × 103 Å. The mobile phase was phosphate-buffered saline (PBS,
pH 7.4) with a flow rate of 0.5 mM.min-1 for 30 minutes. A UV-Vis detector was used
to obtain the final profile at 275 nm and 250 nm.

2.6. In Vitro Cellular Study
One of the experiments included in this research involved an in vitro cellular
study. The materials and procedures associated with this study are reported below.
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2.6.1. Materials
Several materials for this study were procured from ATCC, which included
Dulbecco’s phosphate-buffered saline (PBS; 1X, 500 mL), Fetal Bovine Serum (FBS;
500 mL), Dulbecco’s modified Eagle’s medium (DMEM, 500 mL), and Trypsin-EDTA
solution (1X, 100mL). Moreover, Trypan Blue solution (0.4%) and penicillinstreptomycin (5000 U/mL) were purchased from Thermo Fisher Scientific, Inc. A
LIVE/DEAD viability/cytotoxicity assay kit was procured from Invitrogen, a MTS
assay kit (Cell titer 96) was acquired from Promega, and an accutase solution
(sterile-filtered) and cell freezing medium-DMSO (1x) were purchased from SigmaAldrich.
2.6.2. Supplies
The supplies utilized included plastic aspirating pipettes (2 mL, sterile),
plastic pipettes (serological, 5 and 10 mL, sterile), tissue culture flasks (75 cm2), and
tissue culture plates (6-well and 96-well), which were purchased from Falcon. In
addition, centrifuge tubes (CentriStar Cap, 15 mL and 50 mL) were obtained from
Corning and disposable Pasteur pipettes (5 ¾”) were acquired from Fisher
Scientific.
2.6.3. Aseptic Procedure
An aseptic procedure was used in this experiment to avoid contamination.
Microorganisms such as viruses, bacteria, and fungi can contaminate the workspace
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and cell media. Contamination can therefore originate from an unclean incubator or
hood, unsterile supplies, contaminated media, or a dirty workspace. Aseptic
techniques refer to all the steps required to avoid microorganisms coming into
contact with the cell environment and thus reduce the risk of contamination. In
order to follow an aseptic procedure, the following steps were performed daily:
1. Gloves and all other materials and supplies were sanitized using 70%
ethanol prior to beginning work and before placing them under the hood.
2. Before and after working with a cell culture hood (Purifier Logic class II,
type A2 biosafety cabinet, Labconco), 70% ethanol was used to sanitize
the interior and exterior of the hood surfaces. The hood was kept running
at all times and was only turned off after the work was finished (Figure
2.3a).
3. Only sterile supplies such as disposable plastic pipettes, centrifuge tubes,
flasks, or petri dishes were used, and every supply was stored in a sealed
package unless it was under the hood (Figure 2.3b). Supplies with
unsterile packages such as glass pipettes, pipette tips, and Eppendorf
tubes were autoclaved for one hour at 130°C in order to kill all living
microorganisms. Other equipment, including automatic pipettes and
capped containers, were wiped with 70% ethanol prior to placing them
under the hood.
4. Containers were only opened inside the hood, and the caps were placed
with the opening facing down.
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5. Autoclaved supplies were kept in the hood under the UV light.
6. Fast movement, talking close to the hood, sneezing, or coughing were
avoided at all times.

Figure 2.3. Aseptic process.
(a) Biosafety cell culture hood with clean tools and supplies on one side of the hood
to allow filtered air to circulate thoughout the cabinet. (b) All sterile supplies were
only opened under the hood.

2.6.4. Cell Lines
It is important to note that cell culture procedures may vary for each
different cell line according to their characteristics. In this study, human dermal
fibroblast (HDF) and macrophage (RAW 264.7) cell lines were used (Figure 2.4a,b).
Unless otherwise stated, the following steps in the culturing process were followed
for both cell lines.
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Figure 2.4. Optical microscopic images of cells.
(a) Macrophage cells with round shape, and (b) HDF cells with spindle shape.

2.6.5. Media Preparation
Proper cell media are crucial for the culture environment. The media should
supply all the essential nutrients, antibiotics, growth factor, and hormones to
provide the required osmotic pressure and regulate the pH.
The media used for both HDF and RAW 264.7 cell lines were DMEM
containing 10% FBS and 1% penicillin-streptomycin (PS). To prepare the media,
first frozen FBS and PS were placed in a water bath at 37˚C for approximately 20
minutes. Bottles were only opened inside of the hood at all times. To achieve the
correct concentration, 50 mL of FBS and 5 mL of PS were added to 500 mL media
with plastic pipettes attached to an automatic pipette (Figure 2.5). Media
preparation was performed carefully by avoiding touching the container with the
pipette in order to reduce the risk of contamination. Then, the media container was
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rocked gently to mix all of the components. Prepared media were stored in the
refrigerator after they were distributed in 50 mL tubes and labeled with DMEM,
10% FBS, 1% PS, the initial of the name of the person who prepared the media, and
the preparation date.

Figure 2.5. Media preparation using automatic pipette.

2.6.6. Cell Thawing
Effectively thawing cells for this study involved a delicate process. Cells
frozen either in liquid nitrogen or in dry ice (delivered that way by the company)
contain 5% DMSO in their media, which is toxic for cells (Figure 2.6a). In order to
maintain their viability during the thawing procedure, it is vital that cells be thawed
quickly and diluted in pre-warmed media to reach a DMSO concentration below 1%.
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Before collecting cells from liquid nitrogen (or dry ice in the case of the first
delivery), prepared cell media were placed in a water bath for 15-20 minutes and
transferred under the hood. Five millimeters of pre-warmed media was added to a
15 mL centrifuge tube in preparation for the addition of the cells. It is important to
mention that at all times during the cell culture procedure, the media container was
kept as close as possible to avoid pH change and contamination.
The frozen cell vial was placed in the water bath for approximately 1 minute
without submerging the vial into the water (Figure 2.6b). A small amount of ice was
left in the vial in order to avoid a DMSO toxicity effect during sterilization. The vial
was completely wiped with 70% ethanol and cells were transferred quickly into the
media in a centrifuge tube using a 1000 μL pipette, then centrifuged at 3000 rpm for
8 minutes. After centrifugation, the supernatant was aseptically decanted without
disturbing the cell pellet using a 2 mL plastic pipette (or glass pipette) attached to
the tube from the aspiration pump, and fresh pre-warmed media (2 mL) were
subsequently added to the cell pellet. The media were gently pipetted on and off to
suspend the cell pellet without bubble formation. After counting the cells using a
hemacytometer, they were transferred into a 75 cm2 culture flask. Then media were
added to reach the final volume of 12 mL and placed in an incubator at 37˚C with 5%
CO2 (Figure 2.6c,d). Every flask at each step of the cell culture procedure was labeled
with the cell line name, passage number, initial of the person who prepared the
flask, and date of culturing or media change.
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Figure 2.6. Cell thawing process.
(a) Frozen cell vials either from liquid nitrogen or dry ice in case of first delivery. (b)
Cell vials were placed in a water bath for 1 minute. (c) Counted cells with a 12 mL
final volume of media were added to the cell culture flask. (d) Flasks were placed in
the cell culture incubator.

2.6.7. Cell Counting
Depending on the experiment, several steps in the cell culture process
require determining the cell number and concentration. A Trypan Blue test is a
simple method used to determine cell viability in the counting process. This method
is based on the cellular uptake of Trypan Blue by dead cells. A viable cell with an
intact cell membrane does not uptake certain dyes, including Trypan Blue, and
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remains colorless under the microscope, whereas a nonviable cell with a damaged
membrane will take up Trypan Blue and show up as a blue spot during microscopic
observation.
A hemocytometer (Marienfeld, 0.0025 mm2) is a counting chamber designed
for determining the number of cells per unit volume of a suspension. A
hemocytometer consists of a glass slide covering two mirror-like polished chambers
(Figure 2.7a). The full area of the chamber grid has specified dimensions for all
hemocytometers of this type.
Before loading the sample, the coverslip and chambers were cleaned using
70% ethanol to eliminate any dust particles. The thick coverslip was placed on the
mirror-like polished counting chamber, then 10 μL of cell suspension was carefully
introduced under the glass coverslip by placing the pipette tip into the V-shaped
hemocytometer well (Figure 2.7b). To count the number of cells in the chamber, the
loaded hemocytometer was placed on the microscope and was focused on the
counting grid at low power (10X objective; Figure 2.7c).

Figure 2.7. Cell counting using hemocytometer.
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(a) A hemocytometer with glass slides. (b) Injecting cells diluted with Trypan Blue
under the glass slide. (c) Microscopic observation of the counting grid at low power.

The full grid on each chamber has nine squares, each of which represents a
total volume of 10-4 cm3 (Figure 2.8). To follow the consistency in counting, only the
cells in the four corner squares were counted each time using a hand tally counter.
As mentioned earlier, colorless cells correspond to live cells and blue spots
correspond to dead cells.

Figure 2.8. Hemocytometer chamber under microscopic observation.

Cell concentration was calculated from Equation 2-1:
𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟
𝐶𝑒𝑙𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑒𝑙𝑙 𝑚𝐿 = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝐶𝑒𝑙𝑙𝑠×
⋕ 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒𝑠 ×10lm 𝑚𝐿

Equation 2-1. Cell concentration
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Here, the dilution factor depends on the ratio of cells to the amount of Trypan
Blue in the cell suspension. Cells were usually counted by separating 100 μL of the
original cell suspension and then mixing it with 100 μL of Trypan Blue, which
resulted in 2 as the value for the dilution factor. By counting colorless and blue cells
separately, cell viability was obtained based on Equation 2-2:

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 % =

⋕ 𝑜𝑓 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠
×100 (%)
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 𝐶𝑒𝑙𝑙𝑠

Equation 2-2. Cell Viability

As an example, in 3 mL of original cell suspension, 100 μL of suspension was
separated and mixed with 100 μL of Trypan Blue (dilution factor of 2). In the four
corner squares of the hemocytometer grid, 110 cells were counted, consisting of 105
live and 5 dead cells. Cell concentration, cell viability, and the total number of cells
in the original sample (3 mL) were calculated in the following manner:
2
𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑒𝑙𝑙 𝑚𝐿 = 110×
= 5.5×10t 𝐶𝑒𝑙𝑙 𝑚𝐿
4×10lm
𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 % =

105
×100 = 95.4%
110

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠 = 5.5×10t ×3 = 1.6×10W 𝐶𝑒𝑙𝑙𝑠
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2.6.8. Media Refreshing
As part of this study, cells were checked every day by microscope to assess
confluency, cell shape, growth speed, and media color. The frequency of media
change differed depending on the type of cells. In this study, for the HDF cell line,
media were generally changed every 2 days. However, for the Raw 264.7 cell line,
media were changed every day due to their faster growth rate compared to HDF.
The optimal pH is 7.4 for most cell lines. DMEM contains phenol red, which
makes the media color sensitive to pH. Lactic acid is a byproduct of cellular
metabolism; thus, a buildup of lactic acid makes the culture media acidic. Media
color was checked daily to see if it had turned yellow-orange from the original pinkred color, which was an indication of acidic pH. If that was the case, then the media
were changed as quickly as possible.
In order to change the media, we aspirated the old media by tilting the flask
and aiming the aspirating pipette at the bottom corner of the flask without touching
the surface of the flask (Figure 2.9a). Next, 12 mL of pre-warmed (37˚C) media was
added to the flask using a plastic pipette attached to the automatic pipette (Figure
2.9b,c).
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Figure 2.9. Media changing process.
(a) The old media were aspirated by holding the flask in a tilted direction. (b,c)
Fresh pre-warmed media (12 mL) were added to the flask as it was held in a tilted
direction.

2.6.9. Cell Detachment (Trypsinization)
Another procedure employed in this study was cell detachment, or
trypsinization. As cells reach 80% confluency, they must be detached from the
surface of the culture vessel either to split into other flasks or to be collected for
analysis. The most common method for detaching cells is via treatment with
trypsin-EDTA. For this reason, the detachment process is commonly referred to as
trypsinization. However, in this study trypsin was not sufficient for detaching
macrophage cells (RAW 264.7), so Accutase was used instead. The following
paragraph describes the detachment process for HDF cells, which is similar for the
macrophage cell line in all steps except the use of Accutase instead of trypsin.
During the detachment process, media of confluent cells were first removed
by aspiration. Since proteins in the media could deactivate trypsin, cells were
therefore washed three times with PBS prior to the addition of trypsin. It is always
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important not to let the cells dry; therefore, PBS was left in the flask following the
last wash to cover the cells while warm trypsin (37˚C) was brought under the hood
from a water bath. After removing the last wash of PBS, 4 mL of trypsin was added
to the cells in the flask (75 cm2) and placed in an incubator for 4 minutes. The
amount of trypsin depends on the surface area of the culture vessel. Table 2-1
presents the recommended amount of trypsin for different cell culture containers.

Surface Area (cm2)

Cells at Confluency

Trypsin (mL)

6-well Plate

9.6

1.2×106/well

0.4

12-well Plate

3.8

0.4×106/well

0.2

24-well Plate

2.0

0.2×106/well

0.1

96-well Plate

0.32

0.3×105/well

0.02

T- 75 Flask

75

8.5×106/well

4

Table 2-1. Recommended amount of trypsin.

After 4 minutes of incubation, cells were checked under the microscope to
confirm cell detachment. If some cells were still attached, the flask was gently
tapped. Next, pre-warmed media (8 mL) were added to the flask and cells were
collected in a 15 mL centrifuge tube and centrifuged for 8 minutes at 3000 rpm (the
duration and speed of the centrifuge may vary for different cell lines). As in the
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previously discussed cell thawing procedure, after centrifugation, the supernatant
was aseptically decanted without disturbing the cell pellet and subsequently
dispersed in fresh pre-warmed media to reach the desired cell density according to
the purpose of the next step (Figure 2.10).

Figure 2.10. Cell pellet after centrifugation.

2.6.10. Cell Sub-culturing (Passaging)
The passaging process, which refers to the steps that need to be taken in
order for cells to be split using a proper ratio, was also used in this study. In order to
split the cells, following the trypsinizing step, the cells were counted and then subcultured in other culture vessels in preparation for the next experiment.
Table 2-2 presents the seeding density (number of cells) required for each
type of cell container. Given that macrophage cells are smaller and grow much faster
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than HDF cells, macrophage cells were generally split into more flasks than HDF
during the passaging process (the ratio for HDF was 1:2 versus 1:5 for macrophage).

Surface Area (cm2)

Seeding Density (#)

Media (mL)

6-well Plate

9.6

3×105/well

3/well

12-well Plate

3.8

7.5×104/well

2/well

24-well Plate

2.0

5×104/well

1/well

96-well Plate

0.32

2×104/well

0.1/well

T- 75 Flask

75

2.5×106/well

12

Table 2-2. Recommended seeding density.

2.6.11. Cell Freezing
This study also employed a cell freezing method. Freezing procedures enable
the protection of mammalian cells from cellular senescence and serve as a source of
seed stock for future use. A cryoprotective agent such as DMSO reduces the risk of
crystal formation by decreasing the freezing point of the media, which prevents the
risk of cell damage and death. However, as discussed earlier, DMSO can also be toxic
for cells. It is therefore important to perform the freezing process quickly in order to
reduce the toxicity effect of DMSO.
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Freezing media were prepared fresh before beginning the cell freezing
process. The formulation for the freezing media was the same as that used for
culture media, with the addition of 10% of DMSO. To prevent DMSO from
oxidization or adsorption of toxic material, the reagent was always purchased in
small amounts and each bottle was used for a short amount of time.
Following the trypsinization step, cells were counted and dispersed in cold
freezing media with the approximate final concentration of 3 × 106 cells. Next, cells
were quickly transferred into cryogenic vials (1 mL of cell suspension for each vial)
as shown in Figure 2.11a. All labeled vials were then placed in a Mr. Frosty freezing
container with isopropanol in its chamber and stored in a -80˚C freezer overnight
(Figure 2.11b,c). The reason for using this special freezing container was to
decrease the cell temperature by approximately 1˚C per minute. After 24h, cell vials
were transferred to a liquid nitrogen tank for long-term storage (Figure 2.11d).
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Figure 2.11. Cell freezing process.
(a) Cells suspended in freezing media were distributed into cryogenic vials with a
concentration of approximately 3 × 106 cells per vial. (b) The vials were placed in a
Mr. Frosty container, (c) stored in a -80˚C freezer overnight, and (d) transferred to a
liquid nitrogen tank after 24 hours.

2.6.12. Cell Labeling
This study also involved cell labeling. Specifically, the cellular uptake of
nanocrystals was studied using incubation cells with different concentrations of
nanocrystals, and subsequently collected for analysis.
The nanocrystal solution used in this experiment was filtered using 0.2 μm
syringe filters (Whatman, sterile) to remove any large aggregates. Aliquots of the
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nanocrystal stock solution were all made under the hood in autoclaved Eppendorf
tubes to reduce the risk of contamination. Since a nanocrystal solution in water
needs to be diluted in media (3 mL total volume per each well for a 6-well plate), a
higher concentration was prepared in order to reach the desired dilution factor.

Figure 2.12. Cell seeding in a 6-well plate.

As an example, for the final incubation concentration of 100 μM, first 200 μL
of the nanocrystal solution with a concentration of 1.5 mM was made, then diluted
with fresh media to reach 3 mL and a final concentration of 100 μM (dilution factor
of 15).
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For this study, macrophage cells were seeded in 6-well plates and allowed to
attach and settle for 24 hours (Figure 2.12). After this period of time, nanocrystal
solutions in water were mixed with pre-warmed media (37˚C) to reach the final
volume of 3 mL for each well, as explained in the previous paragraph. Before
allowing the media containing the nanocrystals to reach room temperature, the cells
were taken out of the incubator, old media were aspirated, and new media (with
nanocrystals) were added to each well. Cells were then placed in the incubator for
the desired period of time, depending on the experiment.
After the desired incubation time (2-24 h), cells were detached using
Accutase according to the detachment procedure described on page 87. Due to the
small surface area of each well and the fact that the macrophage cells were hardly
attached, harder tapping than usual was required for detachment. For MR imaging,
cell numbers needed to be at least 6×106 or higher. So depending on the confluency,
the same nanocrystal concentration was used for at least three wells, which were
collected together.
Detached cells were washed from the surface gently by media pipetting on
and off using a 1000 μL pipette and collected in 15 mL centrifuge tubes. Supernatant
was removed after 8 min of centrifugation at 3000 rpm and the cell pellets were
dispersed in fresh pre-warmed media. To make sure that the cells were washed
thoroughly, the centrifugation step was repeated three times, each time with fresh
pre-warmed media. The final step involved centrifuging the cells in PCR tubes,
labeling them, and using them for imaging or ICP-MS experiments.
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2.6.13. Acid Stripping
A mild acid strip procedure was also performed in order to remove the
surface membrane-bound nanocrystal. As part of this process, following the
detachment step, cells were mixed with ice-cold media and centrifuged at 4˚C for 4
minutes. Next, cells were suspended in acid-strip buffer consisting of 2 mg/mL
polyvinylpyrrolidine, 50 mM glysin-HCl, and 100 mM NaCl at pH 3 for 5 minutes on
ice, and washed twice with cold PBS. After the last wash, cells were counted with
Trypan Blue to determine cell viability, and then collected in an Eppendorf tube for
future experiments.
2.6.14. Toxicity Assays
2.6.14.1. MTS Assay
A MTS cell proliferation assay is a colorimetric method used to determine the
number of viable cells. The enzymes of viable cells can reduce the MTS reagent,
which is a negatively charged tetrazolium compound. The reduction reaction
produces purple colored formazan products that are soluble in cell culture media
and have maximum absorbance at 490 nm.
A MTS toxicity assay was performed in a 96-well plate for both HDF and
macrophage cell lines, and each dataset was measured in triplicate. When preparing
the assay after detachment from the original culture flask, cells were plated in the
first three rows of a 96-well plate (seeding density: 2×104/well, 100 μL). The fourth
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row was filled with 100 μL media without cells to act as the blank. In rows 1 to 3, 20
μL of nanocrystals with various concentrations was added from column 3 to 11 (this
step was repeated in exactly the same manner for the 2nd and 3rd rows). Instead of
nanocrystals, the 1st column was filled with 20 μL of media and the 2nd column was
filled with 20 μL of PBS (negative control). The last column (12th) was filled with 20
μL of ethanol (positive control) to produce dead cells. Rows 5-9 were filled in the
same way, but with different concentrations of nanocrystals. Table 2-3 presents an
overview of the prepared 96-well plate:

Blank

Rep.3

Rep2

Rep.1

PBS

Media+

Media+
Media

PBS

Cell+

Cell+
Media

PBS

Cell+

Cell+
Media

PBS

Cell+

2

Media

Cell+

1

+ NP1

Media

NP 1

Cell+

NP 1

Cell+

NP 1

Cell+

3

NP2

Media+

NP 2

Cell+

NP 2

Cell+

NP 2

Cell+

4

NP3

Media+

NP 3

Cell+

NP 3

Cell+

NP 3

Cell+

5

NP4

Media+

NP 4

Cell+

NP 4

Cell+

NP 4

Cell+

6

NP5

Media+

NP 1

Cell+

NP 1

Cell+

NP 1

Cell+

7

NP6

Media+

NP 5

Cell+

NP 5

Cell+

NP 5

Cell+

8

NP7

Media+

NP 6

Cell+

NP 6

Cell+

NP 6

Cell+

9

NP8

Media+

NP 7

Cell+

NP 7

Cell+

NP 7

Cell+

10

NP9

Media+

NP 8

Cell+

NP 8

Cell+

NP 8

Cell+

11

EtOH

Media+

EtOH

Cell+

EtOH

Cell+

EtOH

Cell+

12
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Table 2-3. 96-well plate preparation for MTS Assay.
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The prepared 96-well plates were placed in the incubator for the desired
amount of time (for this study: 2 or 24h). After the incubation period, the solutions
were removed from all wells using glass pipettes attached to the aspiration tube and
fresh pre-warmed media (100 μL), and a MTS reagent (20 μL) was subsequently
added to all wells. After another 1h incubation period, absorbance of each well at
490 nm was measured using a microplate reader (TECAN Infinite M1000) as shown
in Figure 2.13.

Figure 2.13. Measuring cell viability using a microplate reader.

To calculate cell viability, first the average absorbance of blank wells was
subtracted from the negative control wells, nanocrystal-containing wells, and
positive control wells to remove the absorbance of media or nanocrystals. Then the
average absorbance of all wells (except the blank wells) was divided by the average
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absorbance of the negative control. In this study, all negative control cells were
considered viable cells where cell viability is the percentage of the resulting value.
2.6.14.2. Live-Dead Assay
A live-dead assay is a simple, one-step assay that can differentiate viable
from nonviable cells labeled with fluorescent dyes. This assay is based on plasma
membrane integrity, as well as the esterase activity that only live cells can provide.
The esterase activity of a viable cell removes ester groups of calcein-AM dye and
renders the green fluorescent color of the molecule, which was non-fluorescent
prior to the reaction (Figure 2.14a). As opposed to live cells, compromised plasma
membranes of dead cells bind to red-fluorescent dye, ethidium homodimer-1 (EthD1), with high affinity and increase the molecule fluorescence by 30 fold (Figure
2.14b).

Figure 2.14. Live-dead assay.
(a) Viable cells appear green and (b) Dead cells appear red under microscopic
observation.
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To perform this cytotoxicity assay, cell media were aspirated after the cells
were incubated with nanocrystals for the desired period of time. Cells were then
washed three times with PBS to remove any media residue. The working solution of
dyes was prepared fresh by diluting the assay dyes in PBS with the final
concentration of 2 μM of calcein-AM and 4 μM of ethD-1. To achieve these
concentrations, a 20 μL of 2 mM EthD-1 stock solution was first added to 10 mL of
PBS and vortexed to ensure complete mixing (with a final concentration of 4 μM).
Second, 5 μL of 4 mM calcein-AM was added to the mixture to achieve the final
concentration of 2 μM of calcein-AM. These working solutions were then added
directly to the cells (1 mL in each well on the 6-well plate). Cells were incubated for
30-45 minutes at room temperature before observing them under the fluorescence
microscope (EVOS fluorescence microscope).
2.6.14.3. Wound-Healing Assay
TA wound-healing assay is a simple and low-cost method that has been
performed for many years to measure the directional cell migration in vitro. Also
called a scratch assay, it can mimic cell migration during the wound healing process
of tissues in vivo. The general concept of this assay is to create a wound on a
confluent cell monolayer and capture microscope images over time to quantify the
healing process.
Before beginning to seed the cells, a vertical line was drawn behind each well
in a 6-well plate. Cells were seeded and cultured in the marked 6-well plate until
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they became nearly confluent (80-90%). Media was aspirated, and then the surface
of the cells was scratched using a 100 μL pipette tip moving perpendicular to the
line marked at the back of the plate (Figure 2.15). Next, the cells were washed gently
with PBS to remove the dead scratched cells, and pre-warmed media containing
different concentrations of nanocrystals were added. After certain time intervals (0,
2, 6, 15, 24, and 48h), wounds were inspected microscopically (4X and 10X
magnifications) with an orientation at the cross point of the wound and the marked
line.

Figure 2.15. Wound-healing assay.
Each well was scratched using a 100 μL pipette tip.

2.6.15. Cellular MR Imaging
*Cells were imaged by Gary Stinnett at Baylor College of Medicine
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An important component of this study involved cellular MR imaging. To
perform this imaging, a custom tube rack containing six PCR tubes of cell pellets was
first placed on the mouse imaging bed to adjust the location of the samples in the
MRI coil. Pellets were imaged in a 9.4 T Bruker biospec magnet with a 35 mm coil. A
pilot scan by Paravision 5.1 was run to obtain optimal sample position, and then the
coil was tuned and matched to the hydrogen frequency. Relaxation times (T1 and T2)
were measured using a RAREVTR-T1 sequence and a MSME-T2 sequence. The rapid
acquisition with refocused echoes protocol (RARE) with variable acquisition time
(RAREVTR) sequence was performed using five TRs ranging from 8 to 6000 ms and
a contrast TR of 1000 ms, and sixteen TE times ranging from 10 to 160 ms were
used for the MSME-T2 sequence.
2.6.16. Cellular Uptake Determination
The contrast enhancement in cell MR images comes not only from the
efficiency of a contrast agent, but is also dependent on the concentration of the
contrast agent. After MR images were obtained from labeled cell pellets (section
2.6.12), the concentration of uptaken nanocrystals in a specific volume was
evaluated using a Perkin Elmer Nexion 300 inductively coupled plasma optical mass
spectrometer (ICP-MS) equipped with an autosampler.
As we explained in section 2.6.12, cell pellets were washed several times
with fresh media to ensure that no unbound nanocrystals remained present in the
media so the concentration of nanocrystals obtained by ICP-MS in any known
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volume could be translated to the amount (moles) of nanocrystals inside the cells.
ICP-MS samples were prepared by dissolving cell pellets with 3 mL of fresh media in
1 mL of 70% nitric acid (trace metal basis) while heating on a hotplate at
approximately 90˚C. After 2h heating, samples were filtered with a 0.2 μm PES
syringe filter and diluted to the 10 mL final volume. Although the final concentration
of nitric acid (7%) was higher than the usual recipe for ICP-MS measurement, this
concentration was checked with an instrument manual to verify the compatibility of
the equipment with this nitric acid concentration.

2.7. Biodistribution and Pharmacokinetic In Vivo Studies
2.7.1. Animal Preparation
* Animals prepared, injected, and sacrificed by Maricela Martinez at Research
Institute of Methodist Hospital
Mice models were used for the in vivo experiments conducted as part of this
study. It is important to note that all animal procedures were performed in
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
accredited facilities under the approval of the Institutional Animal Care and Use
Committee (IACUCs). For both biodistribution and pharmacokinetic studies, six
C57BL/6-J mice aged 6 months were injected with 100 μL of PAMPS-LA-coated
gadolinium oxide nanocrystals (2.5 mM ionic concentration) via tail vein.
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For the biodistribution study, all mice were sacrificed by cervical dislocation
and organs including the liver, lung, spleen, heart, and kidneys were obtained,
placed in clean glass vials, and weighed wet. For the pharmacokinetic study, after
the injection of nanocrystals, blood was drawn (20 μL) at certain time intervals and
stored in glass vials for the ICP-MS experiment, which is described below.
2.7.2. In vivo Nanocrystal Distribution Determination
ICP-MS runs were performed to determine the gadolinium concentration in
each organ or in blood. Tissue in glass vials was placed on a hot plate (90-100˚C)
without transferring to another container. Three milliliters of 70% nitric acid (trace
metal basis) was added directly to each vial (Figure 2.16a,b). Tissue acidification
was tricky and harder than aqueous samples. After at least 6h, the hot plate was
turned off and the samples were left to cool. However, the samples were not allowed
to sit for a long period due to the risk of undissolved fat tissue forming again in the
sample. It is important to note that after the heating process, the nanocrystals were
all dissolved but fat tissue could still possibly return at low temperatures. Samples
were filtered first using 0.45 μm PES syringe filters, and the resulting solutions were
again filtered using 0.2 μm PES filters. This step sometimes required using more
than one of each filter since the samples still contained undissolved tissue. It was
important to filter several times to ensure that no fat tissue could form during ICPMS measurement, which could harm the equipment.
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Figure 2.16. Tissue acidification for ICP-MS measurement.

2.8. Non-Alcoholic Fatty Liver Disease Experiment
2.8.1. Mouse Models
* Mice preparations were performed at Baylor College of Medicine
For this experiment, mild type mice on background c57b6/J were fed a 60%
kcal fat diet for seven months (D12492, Research Diets, New Brunswick, NJ, USA).
After this period, the mouse model began to have elevated alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels, which correspond to nonalcoholic steatohepatits (NASH) onset.
Mice were injected with gadolinium oxide nanocrystals (11 nmol Gd3+ per
gram of mouse weight) via tail vein. Controls were left uninjected. Four hours after
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administration, mice were sacrificed by cervical dislocation and immediately
imaged by MRI. Mice were maintained at 37°C by rectal temperature probe and
heated air circulation.
2.8.2. Ex Vivo MR Imaging
*Imaging was conducted by Gary Stinnett at Baylor College of Medicine
Images of the mice models were acquired on a 9.4 T Bruker AvanceBiospec
Spectrometer, 21-cm bore horizontal scanner with a 72 mm volume resonator
(Bruker BioSpin, Billerica, MA) with Paravision 5.1 software (Bruker Biospin,
Billerica, MA). To adjust the position of samples, a fast low angle shot (FLASH)
tripilot was run before acquisition. All mice were imaged using RAREVTR protocol
and the following parameters were considered to obtain T1 relaxation times: TR =
30.984 -15000 ms (5 images), TE = 6.57 ms, RF = 4, FOV = 3x3 cm matrix size = 128
x 128, 11 m, 48 s, and 399 ms. The longitudinal relaxation time of the liver was
measured in the sagittal plane, while slices were aligned with the right kidney for
consistent liver T1 measurement.
2.8.3. Liver Uptake Determination
Liver uptake of nanocrystals was determined using ICP-MS (Perkin Elmer
Nexion 300) with the same experimental conditions and sample preparations
described in section 2.7.2.
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2.9. Chicken Embryo Cell Tracking
2.9.1. Chicken Embryo Preparation
*The experiments for this part of the study were conducted by Gary Stinnett at
Baylor College of Medicine
For the cell tracking experiments, chicken embryos (HH13(E2) chicks) were
injected with nanocrystals (2μL of 7.6 mM Gd3+) at the age of two days. Next, the
embryos were electroporated using a BTX Electro Square Porator. The embryos
were then allowed to further develop for five more days, at which point T1-weighted
images with 3D high resolution were acquired of the embryos encased in 1%
agarose to determine the labeling areas.
2.9.2. Chicken Embryo MR Imaging
MR T1-weighted images of the chicken embryos were acquired using a 9.4T, Bruker
AvanceBioSpec spectrometer with a 21 cm horizontal bore (Bruker BioSpin,
Billerica, MA) and a 35 mm resonator. Phantoms were imaged according to
RAREVTR protocol to measure T1 relaxation times. The imaging parameters used for
RAREVTR were TE = 10ms, TR = 200 – 9000 ms, FOV = 20 mm, matrix size =
128x128, taking 10 min, 33 s, and 600 ms using Paravision 5.1 software (Bruker
BioSpin, Billerica, MA).
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Chapter 3

Gadolinium Oxide Nanocrystals as T1
MRI Contrast Agents

3.1. Introduction
The application of nanocrystals as MRI contrast agents has been of interest to
the nanotechnology community for decades.3,

8, 67-69

Until recently, iron oxide

nanocrystals were commercially available as T2 MRI contrast agents.20-22 These
systems act as T2 contrast agents because their large permanent magnetic moments
lead to distortions in the local magnetic field surrounding the nanoparticles. As a
result, the proton relaxation rates of water close to the particles are altered, leading
to different T2 relaxation rates, and subsequently differential contrast in MRI
images. While these materials received FDA approval for clinical use in 1996
(Feridex), their widespread clinical application was hindered in 2008 as a result of
suspicions about the chronic effects of iron in the liver, as well as the relative
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scarcity of clinical T2 applications.22 Given the limitations of iron oxide nanocrystals,
other types of nanocrystals warrant exploration for their potential application as
contrast agents.
Compared to T2 contrast agents, MRI contrast agents that rely on the
modification of the T1 relaxation of protons are actually far more popular in clinical
practice.7,

8, 70, 71

These gadolinium-containing chelates, such as the commercial

agent Magnevist, have an established safety record and create contrast that is easily
visualized as bright areas on otherwise gray MRI images. Recent efforts to improve
these systems have focused on increasing the size of the compounds so as to slow
the tumbling rate and thereby improve T1 relaxation rates.
Forming gadolinium-containing nanocrystals would be another way to
increase the size of the contrast agent, and may offer other advantages for MRI
imaging. In particular, nanocrystals biodistribute quite differently than small
molecules.72-75 Gadolinium-containing nanoparticles and nanocrystals have been
explored for their use as T1 agents, but they have yet to exceed the performance of
commercial systems to a significant extent.40, 43, 44, 48-51, 53, 55, 57-59, 61, 66, 76-79 Bridot et
al. embedded gadolinium oxide nanoparticles in a polysiloxane shell and measured
nanoparticle relaxivities up to 8.8 mM-1s-1.40 In a separate study, Sun et al. formed a
NaLuF4:Yb,Tm core surrounded by a

153Sm3+-doped

NaGdF4 shell and found

relaxivities up to 18.15 mM-1s-1.80 Other research groups have synthesized and
studied non-crystalline gadolinium-based particles such as gadolinium oxide
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nanocrystals49,50, lanthanide-doped gadolinium-based nanocrystals44,54, dextrancoated gadolinium phosphate nanoparticles43, 81, and polymeric nanoparticles82.
One significant challenge faced in designing a nanocrystal as a T1 MRI agent,
as opposed to a T2 contrast agent, is the requirement that water have facile and
extremely close-contact gadolinium surface atoms. Specifically, water must come
within 4-4.5 Å of gadolinium for T1 relaxation. Moreover, for the most effective T1
process, inner-sphere relaxation, water must come within 2 to 3 Å of gadolinium.24,
26, 28

However, for any nanocrystal material, the surface gadolinium atoms are bound

to organic or polymeric species that confer colloidal stability and prevent particle
aggregation in biological media.48,

53, 63

At a minimum, such coatings are a few

angstroms in thickness and typically range between 1 and 2 nm.83, 84 Design of a
gadolinium-containing nanoparticle for T1 imaging must resolve the contradictory
requirements of surface stabilization and surface accessibility. This was one of the
issues that we studied in the following experiments.

3.2. Experimental
3.2.1. Materials
Gadolinium nitrate hexahydrate (99.9% trace metals basis), oleic acid (99%),
1-octadecene (90%), oleylamine (70%), Lauryl acrylate (90%), AMPS (99%), and
azobisisobutyronitrile (12 wt. %) were purchased from Sigma-Aldrich. Raw 264.7
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cells, DMEM, FBS, PBS, and MTS reagents were obtained from ATCC in Manassas,
Virginia. All reagents were used without further purification.
3.2.2. Synthesis of Gadolinium Oxide Nanocrystals
To begin, the gadolinium oxide nanocrystals were synthesized. First,
gadolinium oleate complexes were prepared by mixing gadolinium nitrate
hexahydrate (4 mmol) with oleic acid (4-12 mmol) in 1-octadecene at 1100C for 5h.
After this period of time, oleylamine (0-12 mmol) could be added optionally as the
second surfactant, followed by raising the temperature to 2900C for a desired
amount of time (3-18h). At all times, the reaction was refluxed under nitrogen gas to
avoid any side reactions caused by oxygen and/or humidity. The resulting
gadolinium oxide nanocrystals were purified by centrifugation at 4500 rpm using a
mixture of acetone and hexane. This purification process was repeated 3 times. The
final product resulted in a clear black nanocrystal suspension in hexane.
3.2.3. Synthesis of Amphiphilic Polymer
The amphiphilic polymer (PAMPS-LA) was also synthesized, which was
achieved by first reacting AMPS (MW: 207.25 g.mol-1) with LA, where N,NDimethylformamide (DMF) was used as the solvent. The molar ratio of AMPS/LA
was in the approximate range of 5:1 to 4:1. After all the reagents were dissolved,
0.09 mmol of Azobisisisobutyronitrile was added as the photoinitiator. The resulting
solution was put inside the UV reactor (253 nm) for 4h.
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3.2.4. Surface Modification of Gadolinium Oxide Nanocrystals
To achieve dispersion of the nanocrystals in an aqueous phase, PAMPS-LA
was employed, which allowed the particles to disperse in water through
encapsulation. After evaporating hexane, nanocrystals and the polymer were mixed
in ether and stirred for 2h with a molar ratio of nanocrystals to polymer of 1:10 to
1:30. This was followed by adding water to the mixture for a final volume ratio of
3:1. Water-soluble nanocrystals were purified using ultracentrifugation (optima L90K ultracentrifuge, Beckman coulter) for 4h at 45000 rpm in order to obtain a final
clear water-soluble gadolinium oxide nanocrystal suspension. The final suspension
was filtered using 0.2 μm nylon syringe ﬁlters to obtain an ultra-pure sample for
biological studies.
3.2.5. Relaxivity Measurement
MR measurements were carried out on a MR relaxometer (NMR analyzer
mq60, Bruker, Billerica, MA) at 1.4 T, and on 3.0 T and 9.4 T Bruker Biospec MRI
scanners (Bruker BioSpin, Billerica, MA) with varying TR and TE values.
3.2.6. Biodistribution
All animal work for this study was performed in Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) accredited facilities, and the
Institutional Animal Care and Use Committee approved all procedures. To
accomplish biodistribution, six C57BL/6-J mice (6 months old) were injected with
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100 μL of 2.5 mM gadolinium oxide nanocrystals in PBS via tail vein. Mice were
sacrificed by cervical dislocation and tissue was obtained and weighed for
measurement by ICP-MS (Perkin Elmer Nexion 300) at 24 hours post injection.
3.2.7. Cell Labeling
Cell labeling was conducted in preparation for MR imaging. First,
macrophage (Raw 264.7) cells were cultured over a certain amount of time in
DMEM with 1% penicillin and 10% FBS. For the purposes of MR imaging, cell pellets
of 6 million cells or larger are required; therefore, cells were separated into aliquots
of 6 million or more and seeded into 6-well cell culture plates. Cell labeling was
carried out by adding gadolinium oxide nanocrystals or Magnevist (0-100 μM) for
24h at 370C and 5% CO2. After Trypsinization, cells were washed 2 times in PBS and
then pelleted a third time in PCR tubes for imaging in MRI.
3.2.8. Mouse Model for Non-Alcoholic Fatty Liver Disease Application
A mouse model was used to study the application of the nanocrystals in MR
imaging to assess for non-alcoholic fatty liver disease. Wild-type mice on
background c57b6/J were fed a 60% kcal fat diet for seven months (D12492,
Research Diets, New Brunswick, NJ, USA). This mouse model is beginning to exhibit
elevated ALT and AST levels, which correspond to the onset of nonalcoholic
steatohepatitis (NASH).
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For this experiment, mice were injected with 11 nmol.g-1 gadolinium oxide
nanocrystals via tail vein from a stock of 7.6 mM of gadolinium (III) ions. Controls
were left uninjected. Four hours after administration, mice were sacrificed by
cervical dislocation and immediately imaged in the MRI. Mice were maintained at
37°C by rectal temperature probe and heated air circulation.
3.2.9. Ex vivo MR Imaging
Ex vivo MR imaging was performed on the mice after they were sacrificed.
Images were acquired on a 9.4 T Bruker AvanceBiospec Spectrometer, 21–cm bore
horizontal scanner with a 72 mm volume resonator (Bruker BioSpin, Billerica, MA)
with Paravision 5.1 software (Bruker BioSpin, Billerica, MA). Mice were imaged
using a Rapid Acquisition with Refocused Echoes protocol with Variable Acquisition
time (RAREVTR) TR = 30.984 ms – 15000 ms (5 images), TE = 6.57 ms, RF=4, FOV =
3 cm × 3 cm, matrix size = 128 m × 128, 11 m, 48 s and 399 ms. Beforehand,
acquisition on a FLASH tripilot was run for placement. Liver T1 was measured in the
sagittal plane, and slices were aligned with the right kidney to ensure consistent
measurement.
3.2.10. Chick Embryo Preparation
Chick embryos were used in this study to image cell motility in development.
The embryos were injected and electroporated at day 2 of development and allowed
to develop until day 7. High resolution 3D T1 weighted scans were taken of embryos
encased in 1% agarose to determine areas of labeling.
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For in vivo electroporation HH13 (E2), chicks were injected with 2µL of
either vehicle or 7.6mM of PAMPS nanoparticles. The embryos were then
electroporated with a BTX Electro Square Porator. Embryos were incubated until
E5, when they were isolated and prepared in 1% agarose for imaging.
3.2.11. MR Imaging of Chick Embryos
Once the embryos were prepared, MR imaging was conducted. All images
were obtained using a 9.4T Bruker AvanceBioSpec Spectrometer with a 21cm
horizontal bore (Bruker BioSpin, Billerica, MA) and a 35mm resonator. Phantoms
were imaged using a Rapid Acquisition with Refocused Echoes protocol with
Variable Acquisition Time (RAREVTR) protocol to measure T1-times. The imaging
parameters used for RAREVTR were: TE = 10 ms, TR = 200 – 9000 ms, FOV = 20
mm, matrix size = 128 x 128, taking 10 mins, 33s and 600ms using Paravision 5.1
software (Bruker BioSpin, Billerica, MA). Obtained images were analyzed using
Paravision 5.1 software. Graphs and statistics from MRI data and cell labeling were
generated using Prism (GraphPad Software, San Diego, CA). Embryos were imaged
with a T1 weighted RARE scan TR: 600ms, TE: 8.5ms, RARE FACTOR: 4, FOV: 2.2 x
1.5 x 1.5 cm, Matrix: 128 x 128 x 128, Time: 2h 2m 52s. Images were then masked
and analyzed in Amria 5.1 (FEI, Hillsboro, OR).
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3.3. Results and Discussion
3.3.1. Synthesis of Gadolinium Oxide Nanoplates
In 2004, Cao became the first to report an approach for forming gadolinium
oxide nanomaterials with varying surface-to-volume ratios of gadolinium (III)
ions.46 In this reaction, soluble gadolinium oleate forms at 110oC in a solution of
gadolinium nitrate hexahydrate, oleic acid, and 1-octadecene. At higher
temperatures above 290oC, this precursor decomposes and initiates the nucleation
and subsequent growth of gadolinium oxide nanocrystals. The dimensions of these
materials can be increased by increasing the ratio of oleylamine to oleic acid, a trend
observed by others who have used a similar route to form rare-earth metal oxide
nanocrystals.85-87 Additionally, several authors noted the formation of thin plates of
gadolinium oxide under some conditions.47, 85-89

Figure 3.1. Experimental Setup for Synthesis of gadolinium oxide nanoplates
(a) Solution of 1- octadecene and oleic acid at 110oC. (b) Gadolinium oleate
formation indicated by light brown color change. (c) Monodisperse gadolinium
oxide nanocrystals after addition of oleylamine at 290oC
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Transmission electron micrographs (TEMs) of the gadolinium oxide
nanocrystals are shown in Figure 3.2a-d. Both square forms and thinner rectangular
objects are apparent in the images. The larger dimension ranges from 6 to 15 nm,
while the smaller dimension is less variable and remains constant at 1.1 nm. The
square objects shown in Figure 3.2b are nanoplates lying with their larger face
parallel to the grid. The darker horizontal lines are plates that have deposited with
their larger face perpendicular to the support grid (inset Figure 3.2b). Prior
research on rare-earth oxide nanocrystals has reported the formation of plate-like
shapes rather than cubes or spheres, as well as noting that the particles form
regular stacks when dried onto TEM grids.46,

85-87

This particular morphology is

thought to arise from the unique crystallographic structure of the rare earth oxides.
One of the interests of this study was to attempt to verify prior observations that the
surface coatings on nanocrystalline plates are not uniform. Previous research has
found that the organic surface coating, oleic acid, binds preferentially to the top and
bottom faces, leaving the thinner surface uncoated.46, 85-87
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Figure 3.2. TEM images of gadolinium oxide nanoparticles

TEM images of particles with diameter of (a) 6.6 ± 0.3 nm, (b) 9.7 ± 1.3 nm, (c) 12.0
± 1.3, and (d) 15.6 ± 1.9 nm. Scale bars are 50 nm for all images.
Wielding dimensional control over these nanocrystals is important for
potential MRI applications, as nanocrystalline size is known to affect the relative
amount of surface gadolinium as well as the particles’ biodistribution and cellular
uptake.72-75 For these materials, the larger plate dimension could be increased either
by increasing the ratio of oleylamine to oleic acid or by lengthening the reaction
time. This approach yielded a library of nanocrystals with long axes ranging from 2
nm to 15 nm, and a narrow dimension fixed at approximately 1.1 nm. When reaction
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time was held constant at 18 hours, increasing the amount of oleic acid relative to
the oleylamine resulted in smaller nanocrystals (Figure 3.3a). Alternatively,
increasing the amount of oleylamine resulted in the growth of nanocrystals (Figure
3.3b). This growth is due to the fact that amine is a stronger ligand for the soluble
gadolinium precursor.85 Its presence results in less rapid decomposition, fewer
nucleation events, and consequently larger particles.90
Reaction time also increases the dimensions of the nanocrystals, as well as
their dispersion (Figure 3.3c). Such observations are a signature of Ostwald
ripening, which occurs after the precursor gadolinium is depleted. Because growth
can only occur from the dissolution of smaller nanoplates, the size distributions
under these conditions also broaden with time.91 To achieve the narrowest size
distribution, this process should be minimized. Based on this fact, size control in this
study

was

achieved

solely

through

the

adjustment

of

the

surfactant

(oleylamine/oleic acid) ratio.

Figure 3.3. Dimensional control over gadolinium oxide nanocrystals
Size evolution of gadolinium oxide nanocrystals by varying the amount of (a) oleic
acid, (b) oleylamine, and (c) time.
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Figure 3.4 shows high-resolution XPS spectra of gadolinium oxide
nanoplates. In Figure 3.4a, spectra binding energy as a function of intensity refers to
the 4d region of gadolinium. The strong peak at 142.9 eV corresponds to the binding
energy of gadolinium 4d5/2. The strong peak at 532.7 eV in Figure 3.4b indicates
the binding energy of oxygen 1s in gadolinium oxide nanocrystals.92, 93

Figure 3.4. High-resolution XPS spectra of gadolinium oxide nanocrystals

In addition, the field dependency of gadolinium oxide nanoplates was
investigated at -5 T <H< 5 T. The observed magnetization curve at room
temperature confirms the paramagnetic behavior of gadolinium oxide nanoplates
(Figure 3.5), which is an intrinsic characteristic of gadolinium-based materials.44, 49,
94
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Figure 3.5. Magnetization curve of gadolinium oxide nanocrystals at 25oC

3.3.2. Surface Modification of Gadolinium Oxide Nanocrystals
Another step in this study involved surface modification of the nanocrystals
since surface-accessible gadolinium is a requisite for any nanoparticle contrast
agent. This is necessary given that MRI contrast in biological systems occurs via T1
relaxation of water near gadolinium atoms—a process that is most effective when
water and gadolinium come into close (2.7-3.3 Å) contact.17,

18, 24, 28, 95

However,

biological applications also require that the nanocrystals possess colloidal stability
and remain non-aggregating in aqueous biological environments.96 To meet this
latter requirement, the initially hydrophobic nanocrystals must be treated with a
surface agent. Thus, a major challenge for the development of any nanocrystal T1
contrast agent is to ensure surface accessibility even when surfaces are coated with
stabilizing and targeting agents.
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In this study, the geometry of the nanoplate provides both surface-accessible
gadolinium as well as surfaces that are well coated with polymers, thus ensuring
stability in biological systems. A schematic drawing of the resultant nanoplatepolymer complex is shown in Figure 3.6. The nanoplates were initially coated with
oleic acid, which anchors the hydrophobic end of a copolymer that has hydrophobic
and hydrophilic blocks.96 Because of the unique plate geometry of the rare earth
oxides, the narrow dimension is precluded from interacting with oleic acid.46, 85, 86 It
is on this narrow edge that surface gadolinium is located, which has the potential to
come into close contact with water molecules.

Figure 3.6. Schematic illustration of surface functionalization
Phase transfer process of gadolinium oxide nanoplates using PAMPS-LA as
amphiphilic polymer. In chemical structure (right) red spheres represent oxygen
atoms, greys spheres are carbon atoms, blue spheres are nitrogen atoms and yellow
spheres represent sulful atoms

123

Several types of surface coatings were explored in this study for optimizing
both colloidal stability and MRI contrast. The best option that was observed was a
novel sulfonic acid copolymer, poly (2-acrylamido-2-methylpropane sulfonic acidlauryl acrylate), or PAMPS-LA. This polymer imparts substantial colloidal stability
over a wide range of conditions and is biocompatible at the relevant concentrations.
We reasoned that its charged sulfonic end group could enhance the structuring of
water molecules around the gadolinium nanoplate. Additionally, as noted earlier,
this surface coating would have little interaction with the gadolinium on the
exposed edge, thus leaving ample space for the close approach of water molecules.
The sulfonic acid coating used in this study has not yet been reported as a
surface coating for nanocrystals applied in biological systems, although it has been
applied in other industries.97-99 Figure 3.7 shows the copolymer characterization, as
well as its form after binding to nanocrystals. The molecular weight of the PAMPSLA used here is 4300 Da, which corresponds to approximately 3 units of each
monomer.
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Figure 3.7. MALDI-TOF mass spectra of PAMPS-LA polymer

The infrared spectrum of the polymer shown in Figure 3.8a confirmed the
presence of vibrational characteristics of the starting monomers, AMPS and LA. The
asymmetric and symmetric stretch of the S=O bonds of the SO3 group are at 1238
cm-1 and 1079 cm-1, respectively. The vibrational frequency at 3236/3038 cm-1 is
from the NH2 as well as the amide deformation peak at 1551 cm-1. The band at 1665
cm-1 indicates the C=O stretching from the acrylate, and the 1612 cm-1 peak
corresponds to the C=C stretch. Vibrational spectra of the monomeric lauryl acrylate
confirm the presence of C=O and C-H (with peaks at 1729 cm-1 and 2825/2855 cm-1,
respectively). Figure 3.8b shows the infrared spectrum of polymer-coated
nanocrystals. It is identical to that observed for the native polymer, and also shows
the presence of oleic acid. Specifically, the peak at 2924 cm-1 corresponds to the CH2
group of oleic acid, indicating that the copolymer encapsulates the hydrophobic
nanoparticles instead of replacing the oleic acid.

125

Figure 3.8 Characterization of water-soluble nanocrystals using FTIR
Infrared spectra of (a) PAMPS-LA and its monomers and (b) gadolinium oxide
nanoparticles before and after surface functionalization

The colloidal stability of the coated plates in various media was confirmed by
dynamic light scattering (DLS; see Figure 3.9). While hydrodynamic diameter, or DH,
is only a semiquantitative measure of dimension, an increase in the value can
indicate the early stages of particle aggregation and the loss of colloidal stability.100
The DH measured for these particles is in the range of 25 to 31 nm. This
measurement is larger than the nanoplate dimensions reported in Figure 3.2 since it
encompasses the dimensions of particles, including the oleic acid and polymer
coatings. Because of the acidic nature of the sulfonic acid functional group, we first
examined the overall hydrodynamic radius as a function of pH and found it
unchanged over a broad range of both acidic and basic conditions (Figure 3.9a).
Considering the low pKa of AMPS (1.9)101, it was determined that the sulfonic group
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should remain negatively charged under all relevant biological pH conditions
(Figure 3.9b).

Figure 3.9. Colloidal stability of water-soluble nanoplates
(a) Hydrodynamic diameter and (b) zeta potential of PAMPS-LA coated nanocrystals
in various pH

Figure 3.10a,b shows the hydrodynamic diameter and size distribution of
nanoplates in relevant biological media including Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS), and phosphate buffer saline (PBS). No
change was found in the DH for any of these media.
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Figure 3.10. Colloidal stability of nanoplates in different media
(a) Hydrodynamic diameter and (b) size distribution of PAMPS-LA coated
nanocrystals in water, DMEM, FBS, and PBS

3.3.3. Relaxivity Measurements
Relaxivity measurements were also conducted as part of this study.
Relaxation time measurements, both longitudinal (T1) and transverse (T2), as well
as their corresponding relaxivities, are an important metric for MRI contrast agents.
Large relaxivities, or fast relaxation rates, correspond to contrast agents with more
sensitivity. This in turn can lead to higher resolution in MRI data or lower patient
exposures to contrast agents. Commercial T1 contrast agents are molecular systems
in which gadolinium is chelated to a variety of organic ligands that impart stability
in biological systems. For typical field strengths of 1.5 Tesla, the best of these agents
have reported relaxivities on the order of 4 mM-1s-1 in deionized water.17
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PAMPS-LA coated gadolinium oxide nanocrystals have relaxivities one order
of magnitude larger than these commercial gadolinium chelates. To accurately
prove the merit of this figure, the relaxation rates were measured as a function of
contrast agent concentration. For these data, the molar concentration of gadolinium
atoms in the solution was used as the measure of concentration, rather than the
molar concentration of gadolinium nanocrystals. Figure 3.11a,b shows the
relaxation rates of gadolinium oxide nanoplates of varying dimensions (2, 5, and 12
nm) as a function of their concentration.

Figure 3.11. Relaxometric properties of gadolinium oxide nanoplates
(a) Longitudinal and (b) transverse relaxation rates of different sizes of PAMPS-LA
coated gadolinium oxide nanocrystals in comparison with Magnevist

As a benchmark, these data were compared to the response of the
commercial agent Magnevist. Relaxivity can be found from the slope of these lines;
these data are compiled in Figure 3.12.
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Figure 3.12. High relaxivity values of gadolinium oxide nanoplates
Longitudinal and transverse relaxivites of different sizes of PAMPS-LA coated
gadolinium oxide nanocrystals in comparison with Magnevist

The r1 for the smallest nanocrystal, only 2 nm across, is 61.0 ± 2.6 mM-1s-1.
This is more than one order of magnitude larger than Magnevist, which has a value
of 3.4 ± 0.1 mM-1s-1. Another notable finding is the relative insensitivity of r1
relaxivity to the plate dimensions (Table 3-1). An additional issue of import for MR
imaging of these nanocrystals is the ratio of the r2 to r1 relaxation processes, which
should ideally lie between 1 and 5.19 Highly active T2 relaxation diminishes the
effect of a T1 agent as the signal decays due to processes other than those ascribed
to T1 contrast. For these nanocrystalline gadolinium materials, this ratio is nearly 1
over a broad range of field strengths and nanocrystal sizes.
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Contrast Agent

Core (nm)

r1 (mM-1s-1)

r2 (mM-1s-1)

r2/r1

Magnevist

-

3.4 ± 0.1

4.9 ± 0.2

1.4

Gd2O3-PAMPS-LA

2

61.0 ± 2.6

75.9 ± 2.2

1.2

Gd2O3-PAMPS-LA

5

59.9 ± 1.9

78.5 ± 3.5

1.3

Gd2O3-PAMPS-LA

12

62.9 ± 4.4

73.4 ± 2.4

1.1

Table 3-1. Insensivity of relaxivity values to plate dimensions
Relaxivity values of PAMPS-LA coated gadolinium oxide nanocrystals with different
dimensions, and Magnevist

Given the large relaxivities of these particles, it is reasonable to suspect that
inner-sphere water relaxation processes are dominant for these systems.
Gadolinium, with its seven unpaired d-electrons, is the atom of choice for water
proton relaxation due to its large magnetic moment. However, this interaction can
be mediated through three distinct mechanisms: inner-sphere, second-sphere, and
outer-sphere water relaxation.17 The name of each of these mechanisms refers to
the distance of the water molecules from gadolinium (III) ion.17 The inner-sphere
relaxivity makes the greatest contribution to the overall relaxivity because the close
proximity of the water to the gadolinium ensures a faster relaxation of proton
spin.18 For relaxivities as large as the ones measured here, inner-sphere processes
are likely to be important. This relaxation occurs over short distances, only 2.7-3.3
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Å.24,

26

This process is possible in principle if the gadolinium responsible for T1

relaxation processes is on the thin edge of the plate and thus uncoated by any
polymer. We hypothesize that the edge gadolinium nanocrystals are responsible for
inner-sphere water relaxation and hence for most of the observed relaxivity.
Additionally, these gadolinium nanocrystals should allow for cooperative water
proton relaxation, an advantage that chelates cannot provide.49
Several lines of evidence from this study indicate the importance of innersphere relaxation at the edge gadolinium for the action of these contrast agents.
First, the overall magnitude of the relaxivity suggests that the most efficient
relaxation processes are active. Second, plate dimensions have little impact on the
relaxivity of the nanocrystals (Table 3-1). This is unexpected, as larger nanocrystals
will have a slower tumbling rate, and as a result increased r1 relaxivity.17 In contrast,
the fraction of total gadolinium present at the edge decreases with increasing
dimension; thus for the same concentration of atomic gadolinium there is a smaller
fraction available for water relaxation in larger nanocrystals. We speculate that
these two opposing trends in effect cancel each other out, ultimately leading to a
weak size-dependent relaxivity.61
Also important to an inner-sphere relaxation process is the dependence of
the relaxivity on static magnetic field strength; in these systems, the relaxivity
diminishes as the static magnetic field strength increases (Figure 3.13). Caravan
showed that large magnetic fields can quench inner-sphere relaxation and have
little impact on other relaxation processes. He thus derived a quantitative
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relationship for the dependence of r1 due to inner-sphere processes on the static
field strength.17, 18 According to the model, the maximum in relaxivity is achieved
once the inverse value of the correlation time (1/τc) reaches the proton Larmor
frequency (ωH).17,
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Figure 3.13 shows that the relaxivity values decreased as a

result of increasing the magnetic field from 1.4 T to 9 T, as expected for the innersphere relaxation mechanisms.

Figure 3.13. Dependency of r1 on magnetic field strenght
Longitudinal relaxivity of PAMPS-LA coated nanocrystal at 1.4 T, 3 T, and 9.4 T

While the relaxivity of these contrast agents may decrease at higher fields, it
is important to note that this does not necessarily influence their detectability for
imaging purposes. The phantom images in Figure 3.14 show that the gadolinium
oxide nanocrystals exhibit notable contrast even at 9.4 T. These results demonstrate
that in imaging applications, both relaxivity and signal-to-noise ratio in detection
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contribute to contrast. Moreover, at larger magnetic fields, the signal-to-noise ratio
is generally improved.17

Figure 3.14. T1-weighted images of PAMPS-LA coated nanocrystals
Phantom images of nanoplates with different concentrations of gadolinium (III) ions
at 9.4 T

3.3.4. Applications
3.3.4.1. Cellular Labeling
Cellular and molecular imaging using MRI contrast agents has been of
increased interest for diagnostic medicine in recent years.103-107 Among these,
cellular MR imaging may offer new opportunities for the diagnosis of several
diseases by visualizing cells in vivo. A key requirement to differentiate normal from
abnormal cells is to have sufficient cellular uptake. Current commercial contrast
agents act as extracellular fluid agents and are not usually taken up by cells.18, 108
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Unlike molecular species, which as a rule do not usually end up inside cells,
nanocrystals are generally taken up by a wide variety of cell types.104, 107, 109 This
may permit new cellular imaging and tracking applications for MRI imaging.110-112
The mononuclear phagocyte system (MPS) mainly consists of monocytes and
macrophage monocytes and is responsible for destruction of foreign species in
blood circulation.113 Phagocytic macrophage cells serve as highly effective hosts for
uptake of the negatively surface charged nanocrystals.114 Figure 3.15a confirms this
expectation, showing the amount of gadolinium taken up by macrophage (Raw
264.7) cells after 2 hours of incubation time. Even at very low incubation
concentration, 20 µM, gadolinium oxide nanoplates were taken up by cells almost
115 times more than Magnevist. This presents a striking contrast to Magnevist,
which is not appreciably endocytosed by cells.

Figure 3.15. Cellular uptake capacity of nanoplates and magnevist
(a) Gadolinium per cell and (b) T1 relaxation times of cells incubated with PAMPSLA coated gadolinium oxide nanocrystals and Magnevist for 2h
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As part of this experiment, we specifically investigated whether the same
high T1 relaxivities were present even inside of the cells. Figure 3.15b shows that
relaxation times of cells labeled with gadolinium oxide nanoplates dramatically
decreased by 50% as compared to the untreated control cells. In vitro T1-weighted
images of corresponding cell pellets further confirm the contrast enhancement of
labeled cells, as shown in Figure 3.16. This finding thus identifies a unique
advantage in MRI imaging for gadolinium oxide nanoplates: their presence inside of
cells and their ability to reduce T1 allow for cellular imaging.

Figure 3.16. In vitro MR images of macrophage cells
T1-weighted and T2 weighted images of macrophage cells labeled with PAMPS-LA
coated gadolinium oxide nanocrystals or Magnevist in comparison with control cells

Figure 3.17a shows gadolinium uptake as a function of incubation
concentration for an incubation time of 2 and 24 hours, respectively. For both
incubation periods, cells were saturated in their uptake at 50 µM of gadolinium (III)
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ions. For all points, cellular uptake was higher after 24 hours of incubation. Higher
cellular uptake is in agreement with relaxation time measurement, as shown in
Figure 3.17b.

Figure 3.17. Incubation time effect on cellular uptake
(a) Gadolinium per cell and (b) T1 relaxation times of cells incubated with PAMPSLA coated gadolinium oxide nanocrystals or Magnevist for 2h and 24h

An average relaxivity value for these nanocrystals was calculated from the
study’s data. Although the nanocrystals are not homogeneously dispersed in cellular
space, it is still useful to have an assumption of relaxivity values based on the
concentration of internalized gadolinium (III) ions per cell. To this end, assuming an
average cell volume of 500 µm3, we arrived at an average r1 of 1.5 ± 3.0 mM-1s-1.
Despite the complex cellular matrix and the competition that water may have for
interaction with the edge gadolinium, this relaxivity is extremely promising for MR
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cellular imaging applications such as the visualization of stem cell-based
therapies.104, 110-112
Another characteristic that is important to cellular imaging is the
internalization of nanocrystals. To test this, we performed a mild acid stripping
protocol to remove surface membrane-bound nanoplates without compromising
cell viability.115-117 Figure 3.18a,b shows that there is no significant difference in
cellular uptake and T1 relaxation time before and after acid stripping. This finding
confirms that MRI signal enhancement comes from internalized instead of surfacebound particles.

Figure 3.18. Cellular response to acid-stripping process
(a) gadolinium per cell and (b) T1 relaxation time of cells labeled with PAMPS-LA
coated gadolinium oxide nanocrystals before and after acid stripping process
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3.3.4.2. Non-alcoholic fatty liver disease (NAFLD)
Non-iron nanoparticle contrast-based MRI has the potential to effectively
detect NAFLD and identify transition between disease states. A spectrum liver
disorder, NAFLD ranges from the relatively benign hepatosteatosis to the necroinflammatory stage of non-alcoholic steatohepatitis (NASH), to fibroris/cirrhosis
and hepatocellular carcinoma (HCC).118 NAFLD has emerged as the most common
liver disease, and has been identified as a major public health problem affecting 2030% of the population in the developed world.119,
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Disease development and

progression is traditionally described as a two-hit process. The first hit is
characterized by superfluous fat in the liver. The second hit is less well defined but
is characterized by inflammation and elevated reactive oxygen species in the
liver.118 Studies have shown that 30% of patients with fatty liver develop
inflammation and ballooning hepatocytes, which can be accompanied by an increase
in alanine aminotransferase (ALT), a state referred to as NASH.121 Approximately
20-25% of patients with NASH develop cirrhosis or HCC.122 However, the cause of
these transitions is still under debate, and improved imaging is needed to better
understand the disease and its progression.
The traditional method of NAFLD diagnosis and assessment of disease
severity is liver biopsy. However, this method is limited by sampling error, grading
inconsistency, and invasiveness.123 As a result, there has been ongoing research into
the use of non-invasive imaging to assess the state of the liver using coherence
tomography (CT), relaxometry MRI spectroscopy, and T2 nanoparticle contrast-
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based MRI.124,
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Nanoparticle contrast-based assessment has been used with

success in both animal models and humans to assess liver uptake and provide a
functional evaluation for NAFLD. As previously mentioned, it is widely accepted that
the second hit in NAFLD is inflammation and the overproduction of reactive oxygen
species (ROS). A confounding factor in ROS production is iron overload, which has
been demonstrated to actually increase ROS in the liver. Thus, administration of iron
oxide-based T2 contrast agents could potentially exacerbate NAFLD. Gadolinium
oxide nanoparticles represent an alternative MRI contrast agent to the iron oxide
particles for NAFLD assessment.
Animal models of NAFLD include dietary, genetic, and combination
models.126 The most widely used animal model of NAFLD for characterization by
MRI is the methionine-choline deficient diet, which results in NASH after several
weeks on the diet.127 Additionally, this model quickly progresses through NAFLD
stages, rapidly manifesting in steatosis, focal inflammation, hepatocyte necrosis, and
fibrosis.128 This is in stark contrast to the years of time it takes for the disease to
develop in humans, thus circumventing the important window of transition from
benign fatty liver to fatty liver with inflammation, which is critical for translational
diagnosis.
Previous studies have demonstrated reduced iron oxide nanoparticle liver
uptake in severe rodent models of NASH, but they have not reported that which is of
most clinical importance—reduced uptake as the precursor disease state (NAFLD)
transitions from NASH. A new non-iron based nanoparticle assessment and
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demonstration of reduced liver uptake in a mild model of NAFLD would thus pose
multiple advantages over the current approaches. The potential for assessment
through the use of gadolinium oxide nanoparticles was thus examined in the present
study.
To assess the effect of gadolinium oxide nanoparticle administration on mice
liver, ex vivo MR imaging was performed four hours after injection (Figure 3.19a-d).

Figure 3.19. Ex-vivo MRI images of fatty and normal livers
T1-weighted imaged of normal chow mouse (a) before and (b) after injection. T1weighted images of high fat diet mouse (c) before and (d) after injection of PAMPSLA coated gadolinium oxide nanocrystals
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Liver T1 times were compared between injected and non-injected normal
chow and high-fat diet (HFD) fed age-matched mice (Figure 3.20). We assessed the
effect of gadolinium oxide nanoplate administration on liver T1 using a two-way
analysis of variance (ANOVA). We found that the effect of the nanoparticles is
significantly reduced in the NAFLD model. Specifically, the decrease in liver T1 due
to gadolinium oxide nanoparticle administration is significantly smaller in the
NAFLD model than in the age-matched mice fed normal chow.

Figure 3.20. T1 relaxation times of normal and fatty liver

In previous studies, reduced nanoparticle liver uptake in NAFLD has been
attributed to reduced uptake in kupffer cells. The leading theory to explain reduced
uptake involves both increased endotoxin kupffer cell sensitivity due to
accumulation of cholesterol and activation of kupffer cells by endotoxin from the
gut.129, 130 Also, it has been demonstrated that activated macrophages have reduced
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phagocytosis.131-133 The average normal chow liver T1 decrease was 34.3%,
compared to a 20.2% average T1 decrease in the high fat diet-fed mice. After
imaging, the liver was dissected and analyzed for gadolinium content by ICP-MS.
The livers of the mice on the high fat diet had a significantly lower percent injected
dose per gram [ID/g(%)] present in the liver (Figure 3.21).

Figure 3.21. Gadolinium uptake of normal and fatty liver
Gadolinium (III) ion per injection dosage (%) and per gram of tissue of normal and
fatty liver

In rodent models of NAFLD using the methionine choline-deficient (MCD)
diet, nanoparticle uptake has been demonstrated to decrease throughout disease
state, with kupffer cell population remaining the same or even increasing.134-137 The
measurable decrease in a model of transition from NAFLD to NASH presented in this
study, as well as the previously reported decreasing phagocytosis throughout
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disease progression, demonstrate the opportunity to fully characterize NAFLD
mouse models’ disease state through a non-invasive T1 nanoparticle-based MRI.
3.3.4.3. Imaging a chick embryo model of development
Gadolinium-containing MRI contrast agents pose a potential to improve cell
and tissue imaging, including that of stem cells. A chick embryo model of
development was used in the present study to examine this potential. Over the past
decades, stem cells have attracted interest as a promising field toward central
nervous system disorder therapy.33, 107, 109, 110, 112, 138, 139 Cell transplantations that
rely on the migration of stem cells from injection site to diseased tissue are under
trial cases for treatment of patients with heart, liver, muscle, or joint failure.140, 141 A
key requirement for this therapy is to track cell movement and migration speed and
to investigate functional recovery after transplantation.138 Currently, the majority of
techniques used to overcome these challenges, such as radionuclides and membrane
dyes, are impractical given that they lack sufficient sensitivity and accuracy.142
MR imaging has the potential to be an excellent method to visualize cell
population loss, tissue regeneration, and cell migration.33 Recent efforts to improve
the quality of cellular MR imaging have focused on using iron oxide nanoparticles to
make targeted cells stand out from surrounding tissues.143,
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One significant

limitation of using iron oxides for cellular labeling is the loss of the signal that
creates the negative contrast. This may cause confusion in image interpretation, as it
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diminishes the contrast between targeted cells with image artifacts to some
degree.107
While gadolinium-containing MRI contrast agents have been explored for
their use as positive contrast agents, they have yet to demonstrate a significant
enhancement of the performance of cellular imaging.145, 146 Guenoun et al. reported
using diethylenetriaminepentaacetic acid (Gd-DTPA) in cell labeling studies.146
Hedlund et al., in turn, visualized the migration of hematopoietic stem cells labeled
with gadolinium oxide nanoparticles.60 In another study, Klasson et al. investigated
the capacity of gadolinium oxide nanoparticles to create positive contrast in
monocytic cell line labeling.147
This study sought to further investigate the potential of gadolinium contrast
agents to enhance cellular imaging performance. To this end, we exploited the
gadolinium oxide nanoplates injected into chick embryos in order to track cells
during embryo development. We found that performing electroporation two days
after fertilization increases cell permeability and allows negatively charged PAMPSLA coated nanoplates to pass through the cell membrane. This may offer the
opportunity of having high intensity signal in tracking embryo stem cells due to
tremendous relaxivity of gadolinium oxide nanoplates (61.0 ± 2.6 mM-1s-1) and high
cellular uptake.
As part of the study, we imaged electroporated chick embryos five days after
the injection. Figure 3.22a,b shows distinct bright contrast in hind, mid, and
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forebrain of the injected embryo, which was not observed in non-electroporated
nanoplate-injected embryos. This result can be attributed to higher cellular uptake
resulting from electroporation. However, none of the electroporated embryos
injected with Vehicle (PBS) or Magnevist generated significant brightness after
embryo development (Figure 3.22c,d) since molecular contrast agents are not easily
taken up by cells, as previously mentioned.

Figure 3.22. MRI images of embryonic electroporated chick embryos.
(a) non-electroporated and (b) electroporated embryos injected with gadolinium
oxide nanoplate. Electroporated embryos injected with (c) Magnevist and (d)
vehicle.
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3.4. Conclusion
In this study, we have introduced a novel gadolinium oxide nanoparticle with
a non-toxic polymer that provides relaxivities one order of magnitude higher than
commercial T1 agents. This material derives its performance from its unique shape,
which allows for differential surface modification and the accessibility of surface
gadolinium to water. In vitro studies show that, unlike Magnevist, the gadolinium
nanoparticle is readily taken up by cells, where it retains its T1 contrast
functionality. As an example of its potential application, the material was applied to
the detection of fatty liver disease, particularly the transition from a benign to a
diseased state. The results demonstrate the ability to differentiate normal and
moderate NAFLD using gadolinium oxide nanoplates. The gadolinium oxide
nanoplates thus demonstrate strong potential both in application for NAFLD/NASH
characterization and in tracking of chick embryo stem cells for in vivo applications.
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Chapter 4

Gadolinium Oxide Nanocrystal: Effect
of Surface Coating, Salt and Protein

4.1. Introduction
Nanocrystals have attracted the interest of the biomedical community in
numerous areas over the past few decades.4,

148, 149

They have been intensively

studied in relation to their applications in drug delivery, gene therapy, and
biosensing or bioimaging.2, 4, 149 While nanoscience is developing with remarkable
speed, the interaction of nanocrystals with the physiological environment remains
understudied. This lack of research has led to growing concerns about the biosafety
of these materials for living matter.150, 151 It is therefore crucial to understand the
biological behavior of nanomaterials in physiological systems when exploring the
clinical applications of nanocrystals.
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One of the most significant challenges affecting the bioactivity of
nanocrystals is their interaction with protein.152-155 Recent efforts to examine these
interactions have focused on the formation of biomolecule or protein coronas. As
nanocrystals enter biological media, they immediately encounter macromolecules
and proteins that can adsorb to their surfaces.113, 151-153, 156 A nanocrystal-protein
complex may alter the nanocrystals’ intrinsic characteristics, including their
biological response in living organisms, their toxicity, or—of particular interest for
MRI application—their rotational tumbling rate.17, 24, 30, 32
MRI contrast agents improve tissue differentiation by shortening the T1 and
T2 relaxation times of water protons. In particular, paramagnetic complexes have
been established as T1 contrast agents that generate positive contrast on MR images.
The Solomon-Bloembergen-Morgen theory describes the main factors affecting the
performance of T1 contrast agents, specifically in regards to increasing their
relaxation efficiency.17 In general, a faster water exchange rate, slower rotational
tumbling rate, and a higher number of coordinated water molecules lead to greater
relaxivity.18 Nanocrystal contrast agents may be promising candidates for greatly
improving the performance of contrast agents given their potential to affect all of
these factors, including the critical ability to decelerate the tumbling rate.49
As is the case with other nanocrystal systems, when nanocrystal contrast
agents enter a biological fluid, proteins cover the surface of the nanocrystal. Protein
binding results in a slower tumbling rate and may also enhance relaxivity.24, 30, 95
Studying protein interaction and the type of coronas formed as a result is therefore
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extremely important to the design of effective contrast agents. One challenge faced
in increasing relaxivity is the requirement that a nanocrystal-protein complex
maintain water’s accessibility to surface gadolinium while also ensuring satisfactory
dissociation time to sufficiently slow the tumbling rate. The following experiments
attempt to address these challenges and thereby explore the potential of
nanocrystal contrast agents for enhanced performance in MR images.

4.2. Experimental
4.2.1. Synthesis of Gadolinium Oxide Nanocrystals
To prepare the experiment, the gadolinium oxide nanocrystals were
synthesized. First, gadolinium nitrate hexahydrate (4 mmol) was placed in a
solution of oleic acid (4-12 mmol) and 1-octadecene at 100oC, which resulted in the
formation of a gadolinium oleate complex. Second, gadolinium oxide nanocrystals
were formed after the addition of oleylamine (0-12 mmol) and an increase in
temperature to 290oC while refluxed under nitrogen gas. The duration of the second
step lasted anywhere between 3-18h. Centrifugation of the resultant nanocrystals
in a mixture of hexane and acetone was used for purification of the reaction product.
4.2.2. Synthesis of Amphiphilic polymers
The next step involved the synthesis of the amphiphilic polymers. Poly (2acrylamido-2-methylpropane sulfonic acid-lauryl acrylate) or PAMPS-LA and poly
(acrylic acid-lauryl acrylate) or PAA-LA polymers were formed through a reaction of
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AMPS and AA, respectively, with LA. Dimethylformamide was used as the solvent.
For both polymers, the ratio of AMPS/LA and AA/LA was in the range of 5:1 to 4:1.
After all reagents were dissolved, Azobisisobutyronitrile acted as the photoinitiator
for the polymerization process. The reaction lasted inside the UV reactor (253 nm)
for 4h.
4.2.3. Surface Modification of Gadolinium Oxide Nanocrystals
Next, the surfaces of the nanocrystals were modified. In order to achieve this,
the nanocrystals were dispersed in water by encapsulating them with PEG, PAMPSLA, or PAA-LA. In all three cases, the nanocrystals were dispersed in ether after the
hexane was evaporated. A specific polymer was then added to the mixture. The
molar ratio of nanocrystal to polymer was in the range of 1:10 to 1:30. After 2h,
mixing water was added for a final volume ratio of 3:10. In the case of PEG’s use as
the surface coating, probe sonication was performed for 2-3 min. The resulting
water-soluble nanocrystals were purified through ultracentrifugation at 45000 rpm
for 4h. To obtain a clear and ultra-pure solution after ultracentrifugation, particles
were filtered using 0.2 μm nylon syringe ﬁlters.
4.2.4. Relaxivity Measurement
Following surface modification, the relaxivity was measured. Relaxation
times of the solution with varying concentrations of gadolinium (III) ions were
measured using a MR relaxometer (NMR analyzer mq60, Bruker Billerica) at 1.4 T.
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4.2.5. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)
Finally, SE-HPLC analysis was performed. This was accomplished using an
Ultrahydrogel-200 7.8 ×300 mm column (Agilent 1100 series) with a bead size of 2
× 103 Å. The mobile phase was a PBS buffer (pH 7.4) with a flow rate of 0.5 mM.min-1
for 30 min. An UV-Vis detector was used to obtain the final profile at 275 nm and
250 nm. To prepare the samples, nanocrystals were incubated with protein for the
desired time at room temperature. The results of the experiments are reported in
the following section.

4.3. Results and Discussion
4.3.1. Synthesis of Gadolinium Oxide Nanocrystals
As part of this study, gadolinium oxide nanoparticles were synthesized using
the thermal decomposition method previously reported by Coa.46 First, gadolinium
oleate is formed at 110oC in a solution of 1-octadecens and oleic acid as a precursor.
The addition of oleylamine, followed by an increase in temperature, causes the
precursor to decompose at 290oC. It was found that this synthesis method leads to
the formation of uniform and monodisperse gadolinium oxide nanoplates.46,

85, 86

Figure 4.1a-d shows TEM images of these nanoplates with dimensions ranging from
nearly 5 nm to 12 nm. Figure 4.1b reveals particles lying on their faces as well as
standing on their edges. The thickness remained only 1.1 nm for all nanoplates,
regardless of size. Several studies have reported that the edges of plate-shaped rare
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earth oxides are free of surfactant, and oleic acid only covers the top and bottom
faces.46, 85, 86 This unique morphology offers uncoated gadolinium sites, which can be
crucial for the performance of nanocrystals as MRI contrast agents.

Figure 4.1. TEM images of gadolinium oxide nanocrystals
Nanoplates synthesized via high temperature thermal decomposition with
dimensions of (a) 5.7 ± 0.06 nm, (b) 8.0 ± 0.07 nm, (c) 9.7 ± 1.3 nm, and (d) 12.0 ±
1.3 nm. Scale bars for all images are 50 nm.

4.3.2. Surface Modification of Gadolinium Oxide Nanocrystals
The results of the surface modification of the nanocrystals are reported and
discussed in this section. Three different types of polymers were used in order to
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determine which one yielded the most optimal conditions. Such surface
modification of hydrophobic nanocrystals is always a challenge and needs to be
addressed carefully. After phase transfer, it is crucial for nanocrystals to remain
stable in a biological environment and for surface gadolinium to remain accessible
to water. Water accessibility is a vital requisite for any T1 contrast agent.27, 61, 157 The
most effective relaxation process of water protons occurs when water molecules
come within 2.7-3.3 Å of gadolinium atoms.18, 24, 28, 95 To study the specific impact
that surface coating has on gadolinium oxide nanoplate performance as T1 contrast
agents, we employed three different polymers with unique characteristics in an
effort to ensure water solubility.
The first surface coating employed in this experiment is poly (ethylene
glycol) or PEG. This polymer is widely known for being biocompatible while
imparting acceptable stability in a relevant biological environment.96,
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PEG

polymers with a molecular weight less than 10,000 Da are referred to as hydrophilic
polymers and are soluble in water as well as in various organic solvents.159, 160 In
general, surface functionalization of nanocrystals with PEG enhances the solubility
of nanocrystals and increases blood circulation half-life.158, 160 Figure 4.2a shows a
schematic drawing of PEG-coated gadolinium oxide nanoplates. It is apparent from
the drawing that PEG’s distinctive structure causes assembly at the surface of
nanoplates that were originally coated with oleic acid.
As mentioned before, one major challenge to improving the efficiency of the
water relaxation process is keeping the exposed edge of gadolinium free of polymer.
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In the first approach utilized in this study, we found that PEG prevents aggregation
of original hydrophobic nanocrystals but limits water accessibility since it covers all
sides of the nanoplates. To overcome this challenge, we employed two novel
copolymers with several advantages offered by their constituents. In both cases, the
hydrophobic end of the copolymer anchors oleic acid on the surface of the
nanocrystal, while a charged hydrophilic block prevents the particles from
aggregation. With this unique design, it was found that the resultant polymer-coated
nanocrystals provide both tremendous water solubility and surface-available
gadolinium, as illustrated in Figure 4.2b,c.

Figure 4.2. Schematic illustration of surface modification process
Surface functionalization of nanoplates using (a) PEG, (b) PAMPS-LA, and (c) PAALA polymers to increase the solubility of the nanocrystal in water.
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The first copolymer, Poly (2-acrylamido-2-methylpropane sulfonic acidlauryl acrylate) or PAMPS-LA, is a sulfonic acid copolymer (Figure 4.2b).97, 98 The
low pKa of AMPS (1.9) indicates its strong acidic nature, proving that it belongs to
the highly charged sulfonic end group that is responsible for excellent stability
across a wide range of conditions.101 The next amphiphilic polymer used in this
study is a carboxylic acid copolymer, poly (acrylic acid-lauryl acrylate) or PAA-LA
(Figure 4.2c). It is important to note that acrylic acid with a pKa of 4.25 is weaker
than AMPS.161 However, we found that partial negative carboxylate groups at
relevant biological pH preclude aggregation and lead to stable water-soluble
nanocrystals, as shown in Figure 4.3a,b.

Figure 4.3. Colloidal stability of water-soluble nanoplates
(a) Hydrodynamic diameter and (b) zeta potential of surface functionalized
gadolinium oxide nanocrystals showing the stability of particles in a relevant
biological pH range
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Figure 4.4a-d shows infrared spectra of all three polymers to confirm the
presence of oleic acid after surface modification. As shown in Figure 4.4b, peaks at
2922 cm-1, 2852 cm-1, and 3450 cm-1 correspond to asymmetric and symmetric
stretches of C-H bonds in oleic acid and O-H stretches of PEG, respectively. In Figure
4.4c, asymmetric and symmetric stretches of the S=O bonds of the sulfonic group of
PAMPS-LA are at 1238 cm-1 and 1079 cm-1, respectively. Figure 4.4d shows broad
stretching of O-H bonds in PAA-LA at 3200 cm-1, while the band at 1720 cm-1
indicates stretching of the C=O bonds in the carboxylic acid functional group.
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Figure 4.4. FTIR characterization of polymer-coated nanoplates
IR spectra of (a) PEG, PAMPS-LA, and PAA-LA polymers, oleic acid coated
gadolinium oxide nanocrystals before and after phase transfer by (b) PEG, (c) PAALA, and (d) PAMPS-LA. All spectra confirm the encapsulation process by indicating
that oleic acid peaks after functionalization.

To minimize the effect of polymer molecular weight, the PEG, PAMPS-LA, and
PAA-LA used in this study have very similar average molecular weights of 6200 Da,
4300 Da, and 4200 Da, respectively (Figure 4.5). As discussed later, it was found
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that PEG’s molecular weight in the range of 3000-10,000 Da does not affect the
performance of nanoplates as MRI contrast agents.

Figure 4.5. MALDI-TOF mass spectra of polymers
Molecular weight of PEG, PAMPS-LA, and PAA-LA polymers achieved by MALDI-TOF
mass spectroscopy.

It was also found that hydrodynamic diameter (DH) and surface charge play a
major role in determining the biocompatibility and blood circulation time of
nanocrystals.100, 162 Figure 4.6a,b shows the DH and zeta potential of polymer-coated
gadolinium oxide nanoplates. Given that PEG is a neutral polymer with zeta
potential close to zero, we assumed that steric hindrance should be responsible for
colloidal stability.162 The fact that the highest value of DH was found for PEG-coated
particles in comparison with two other surface functionalized particles confirms
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this statement. PAMPS-LA-coated nanoplates had the smallest DH, while the value
for PAA-LA was very close to that found for PEG. Considering that AMPS is a strong
acid, the sulfonic group remains negatively charged under all biological conditions.
However, as part of the protonated carboxylic acid group, PAA-LA surface coating
can form hydrogen bonds with both water and the negatively-charged carboxylate
end of nearby polymer chains. Thus, PAA-LA-coated nanoplates have a larger DH in
dynamic light scattering (DLS).

Figure 4.6. Water-soluble nanoplates characteristics in water
(a) Hydrodynamic diameter and (b) zeta potential of surface functionalized
gadolinium oxide nanocrystals in deionized water.

The results of this experiment also indicate that the relaxation rates of water
protons in the presence of MRI contrast agents define the sensitivity and ability of
the agent to produce contrast in MR images.18 Higher relaxation rates for both
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longitudinal (T1) and transverse (T2) processes lead to more contrast between
normal and abnormal tissues. From another point of view, it will be possible to
administer smaller amounts of contrast agents to the body and obtain the same
resolution. To examine this potential for enhanced relaxivity to increase the contrast
of these agents in MR imaging, we evaluated the performance of surface
functionalized gadolinium oxide nanoplates in comparison with the commercial
contrast agent Magnevist. Figure 4.7a,b represents relaxation rates as a function of
contrast agent concentration. Relaxivity values (r1 and r2) are defined as the slopes
of each of these plots.

Figure 4.7. Relaxometric characterization of polymer-coated nanoplates
(a) Longitudinal and (b) transverse relaxation rate measurements of Magnevist and
water-soluble gadolinium oxide nanoplates.

Figure 4.8 and Table 4-1 summarize the relaxivity values for the molecular
contrast agent, Magnevist, and all three polymer-coated gadolinium oxide
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nanoplates. Both Magnevist and PEG-coated particles have r1 and r2 on the order of
3-5 mM-1s-1. However, what is most noteworthy in these results is the huge
escalation in the performance of PAMPS-LA and PAA-LA-coated gadolinium oxide
nanoplates. For PAMPS-LA-coated particles, r1 has a value of 54.1 ± 1.1 mM-1s-1, and
for PAA-LA-coated nanocrystals, r1 is even higher with a value of 65.8 ± 2.9 mM-1s-1.
Notably, these are among the highest relaxivity values ever reported for gadoliniumbased nanocrystals as T1 contrast agents.

Figure 4.8. Relaxivity comparison between Magnevist and nanocrystals
PAMPS-LA and PAA-LA-coated nanocrystals show relaxivity one order of
magnitude higher than Magnevist
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Contrast
Agent

Surface
Coating

r1 (mM-1s-1)

r2 (mM-1s-1)

r2/r1

Magnevist

-

3.4 ± 0.1

4.9 ± 0.2

1.4

Gd2O3

PEG

4.2 ± 0.03

5.5 ± 0.1

1.3

Gd2O3

PAMPS-LA

54.1 ± 1.1

61.7 ± 2.5

1.1

Gd2O3

PAA-LA

65.8 ± 2.9

100.5 ± 1.5

1.5

Table 4-1. MR characterization of Magnevist and nanoplates.
A r2/r1 ratio close to 1 indicates that they are T1 MRI contrast agents.

The most reasonable explanation for these notable findings is that they are
the result of the inner-sphere relaxation process.24 If water can get close enough to
gadolinium, nearly 2.7-3.3 Å, the inner-sphere relaxation process will play a major
role compared to the other mechanisms that are accountable for relaxivity.24, 26, 28
However, getting this close to the nanocrystal core is always a challenge in
nanostructure systems since the core should be protected with surface coating to
maximize solubility and minimize toxicity. In this study, the special geometry of
nanoplates gave us the opportunity to design a system that overcomes this
challenge. By using PEG, 3000-10,000 Da, we found that covering the edge
gadolinium blocks water’s access to the inner-sphere region, leading to a low
relaxivity value that is comparable to commercial contrast agents (Figure 4.9). This
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finding is indeed promising for the potential of these nanocrystals as effective
contrast agents.

Figure 4.9. Insesitivity of relaxivity over PEG molecular weight
Relaxivity values of gadolinium oxide nanocrystals functionalized with PEG with
different molecular weights showing no significant dependency of relaxivity on
polymer molecular weight.

In contrast to PEG, the two amphiphilic polymers (PAMPS-LA and PAA-LA)
used in this study retained the potential of surface-free edge gadolinium to access
the inner-sphere region of water molecules. We reasoned that the slightly higher r1
of PAA-LA-coated particles compared to PAMPS-LA-coated nanoplates is due to
stronger hydrogen binding, which encourages water molecules to approach the
nanoplate, and more importantly, leads to a slower tumbling rate. These two factors
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lead to higher relaxivity for PAA-LA-coated gadolinium oxide nanocrystals,
according to the Solomon-Bloembergen-Morgan theory.18
4.3.3. Salt Effect on Relaxivity
One of the issues under examination in these experiments was salt’s effect on
relaxivity. As is the case with all colloidal particles, gadolinium oxide nanoplates
immediately encounter numerous ions and biomolecules upon exposure to a
biological environment. The response of these nanocrystals to their biological
surrounding depends on either the main forces at the bio-nano interface or on the
intrinsic properties of colloidal particles.163 The physiochemical characteristics of
nanocrystals, including size, charge, shape, and surface coating, determine the in
vivo behavior of particles after administration to the body. However, we also know
that a large number of other factors can affect the response of certain nanocrystals
within given media. In this study, we simplified these factors by mediating them
through two distinct responses: ionic strength and protein adsorption. Later in this
chapter, we also discuss an experiment that we conducted to investigate how
polymer-coated gadolinium oxide nanocrystals behave in more complex biological
media such as fetal bovine serum (FBS).
Figure 4.10a shows how salt, in this case sodium chloride, affects relaxivity.
For PAMPS-LA-coated nanoplates, r1 diminished as the ionic strength of the solution
increased. On the other hand, PAA-LA-coated particles did not show a notable
dependency on ion concentration (Figure 4.10b). Considering 130 mM were the
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human blood ionic strength, r1 has a value of 27.0 ± 2.1 mM-1s-1 for PAMPS-LAcoated gadolinium oxide nanocrystals versus 54.1 ± 1.1 mM-1s-1 in deionized water,
which means about a 50% loss in relaxivity (Figure 4.10c,d). Because of the high
acidic nature and negative charge of sulfonic groups of PAMPS-LA, it is reasonable to
suspect that upon the addition of salt, positive sodium ions will easily replace
adsorbed water molecules.164 As a result, PAMPS-LA-coated particles can tumble
faster after they are released from water molecules.

Figure 4.10. Effect of salt on performance of nanoplates as contrast agent
Longitudinal relaxation rate of (a) PAMPS-LA and (b) PAA-LA-coated nanoplates in
solutions with different ionic strengths. (c, d) Effect of the ionic strength on the r1
relaxivity of surface-coated gadolinium oxide nanocrystals.
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4.3.4. Effect of Protein on Relaxivity
Another component of these experiments involved examining the effect that
protein has on relaxivity. It is well established that immediately following the
administration of nanocrystals into the body, proteins cover the surface of the
particle. This coverage forms a protein corona, which can be categorized into two
components: a hard and soft corona.151,
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Proteins with a high affinity for the

surface of the nanoparticle form hard coronas with a slow exchange rate, compared
to soft coronas, in which proteins are loosely bound to the surface with a fast
exchange rate.156 Protein conformation depends on both protein chemical
properties and nanoparticle characteristics. 154
Several studies have reported that protein non-specific adsorption influences
the biodistribution and biosafety of nanoparticles. The tumbling rate also
decelerates after protein adsorption, which is equally important for MR imaging.
Caravan showed that relaxivity is more efficient once the fluctuating frequency of
gadolinium-based contrast agents approaches hydrogen Larmor frequency.17
Protein adsorption offers the opportunity to reduce the rotational tumbling rate
from gigahertz to megahertz, which is close to hydrogen Larmor frequency, 60 MHz
at 1.5 Tesla.17, 24
Before studying the behavior of nanocrystals in complex media, we
investigated whether the presence of human serum albumin (HSA) as the most
abundant protein in blood plasma has an impact on the relaxivity of nanoplates
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(Figure 4.11a-d). As shown in Figure 4.11c,d, the relaxivity of PAMPS-LA-coated
nanocrystals increased by 150% after the addition of HSA. This reaction did not
occur when the surface coating was changed to PAA-LA. This implies that proteins
bind more tightly to the surface of PAMPS-LA than PAA-LA-coated particles. It is
important to note that, in general, despite the negative charge of many surface
functionalized nanocrystals, proteins immediately interact with the surface.
Particles with a higher surface charge adsorb more protein than less charged
particles.165-167 We investigate this hypothesis in more detail later in this study.

Figure 4.11. Effect of protein on performance of nanoplates as contrast agents
Longitudinal relaxation rate of (a) PAMPS-LA and (b) PAA-LA-coated nanoplates in
solutions containing different amounts of protein. (c, d) Effect of the protein
concentration on the r1 relaxivity of surface-coated gadolinium oxide nanocrystals.
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Another part of this experiment involved testing Magnevist and PEG-coated
gadolinium oxide nanoplates under the same conditions as above. We found that all
of these contrast agents show distinctive responses after the addition of salt or
protein (Figure 4.12 and Table 4-2). Relaxivity of Magnevist and PAA-LA-coated
nanocrystals remained unchanged in both conditions, while relaxivity decreased in
salt and increased in protein for PEG and PAMPS-LA-coated particles.

Figure 4.12. Effect of media on relaxivity values
(a) r1 and (b) r2 relaxivity comparison of Magnevist and water-soluble gadolinium
oxide nanocrystals in deionized water, solution of 10 mg/mL of HSA and 100 mM of
NaCl.
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Contrast
Agent

Surface
Coating

r1 (Water)

r1 (NaCl)

r1 (HSA)

Magnevist

-

3.4 ± 0.1

3.5 ± 0.03

3.8 ± 0.05

Gd2O3

PEG

4.2 ± 0.03

2.7 ± 0.09

6.2 ± 0.08

Gd2O3

PAMPS-LA

54.1 ± 1.1

38.9 ± 2.1

83.9 ± 5.1

Gd2O3

PAA-LA

65.8 ± 2.9

65.5 ± 1.5

65.3 ± 4.2

Table 4-2. Relaxometric response in different media
r1 value of Magnevist and water-soluble gadolinium oxide nanocrystals in deionized
water, solution of 10 mg/mL of HSA and 100 mM of NaCl.

4.3.5. Protein-Nanocrystal Interactions
4.3.5.1. Nanocrystal interaction with HSA
After examining the impact of salt and protein on relaxivity, we proceeded to
further explore the interaction between nanocrystals and protein. As mentioned
earlier, the increase in relaxivity for particles coated with PAMPS-LA suggests that
non-specific protein adsorption slows the rotational tumbling rate of nanoplates.
Size-exclusion high performance liquid chromatography (SE-HPLC) confirms this
statement. This method enables the separation of particles, proteins, or other
macromolecules from the mixture on the basis of their size.152, 153, 156 In an effort to
enhance our understanding of the kinetics of association and dissociation, we
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prepared elution profiles of the nanoparticle-protein mixtures and examined their
resulting characteristics. We can define kinetic rate parameters from Equation
4-1:115
𝑨+𝑩 ⇌𝐶
𝒅𝒄
= 𝒌𝒇 𝒂𝒃 − 𝒌𝒓 𝒄
𝒅𝒕
Equation 4-1. Protein-particle exchange rate

In this equation, a, b, and c represent the concentration of the nanoparticle,
protein, and nanoparticle-protein corona, respectively. Association rate constant
(kf) and dissociation rate constant (kr) determine protein particle exchange rate. A
slow dissociation rate implies a stable nanoparticle-protein complex, with residence
time longer than separation time.
Figure 4.13a compares the elution profile of PAMPS-LA-coated nanoplates,
HSA, and the nanoplate-protein mixture. We found that the nanocrystal eluted for
longer than the protein. This indicates that HSA could pass through the column
more quickly compared to the smaller nanoplate, which was trapped inside the
pores. Upon the addition of HSA to the nanocrystal, two distinct peaks appeared: the
first peak eluted at an earlier position and the second peak appeared at the same
position as HSA alone. However, the profile of PAA-LA-coated nanoplates differed
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markedly under the same conditions, with only one peak appearing slightly before
the HSA position (Figure 4.13b).
This discrepancy in positioning can be mediated through the dependency of
elution profile characteristics on dissociation rate. In principle, when the protein
exchange rate is fast, the mixture will elute only in one fraction. On the other hand, a
very slow dissociation rate will generate a biphasic elution profile.115,

156

This

elution peak shift from unimodal to bimodal or trimodal profiles results in a
difference in dissociation rates of approximately two orders of magnitude. The
resulting elution profiles of these gadolinium oxide nanocrystals indicate that a
particle coated with PAMPS-LA binds strongly to protein and forms a stable complex
(hard corona), whereas a PAA-LA-coated nanoplate has a very fast dissociation rate
and weak interaction with protein, forming a soft corona. This conclusion is in
agreement with the enhancement in relaxivity for PAMPS-LA-coated particles and
the unaffected value of nanoplates coated with PAA-LA.
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Figure 4.13. Nanocrystal interaction with HSA
SE-HPLC profile of (a) PAMPS-LA and (b) PAA-LA-coated nanocrystals before and
after incubation in HSA solution.

Analyzing kinetics of association and dissociation may lead to valuable
information regarding the biological impact of nanocrystals. In order to address the
kinetics of protein-nanocrystal interaction, we performed another experiment that
tracked SE-HPLC evolution over time (Figure 4.14). As time passed, the intensity of
each elution profile increased and the bimodal behavior for PAMPS-LA and
unimodal behavior for PAA-LA-coated nanoplates was maintained.
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Figure 4.14. Effect of incubation time on HSA-nanoplate size
SE-HPLC profiles of (a,b) PAMPS-LA and (c,d) PAA-LA-coated nanocrystals after the
addition of HSA

4.3.5.2. Nanocrystal Interaction with FBS
The next part of these experiments involved investigating how nanocrystals
respond to complex media like FBS, which consists of plasma proteins, salts,
nutrients, and other components. Figure 4.15a,b shows SE-HPLC profiles of surface
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functionalized gadolinium oxide nanoplates incubated with FBS. Since HSA is the
major abundant protein in human plasma, it most likely covers the nanocrystal
immediately. We therefore expected to see the same peak at the position of
nanoparticle-HSA as previously discussed.

Figure 4.15. Nanoncrystals interaction with FBS
SE-HPLC profile of (a) PAMPS-LA and (b) PAA-LA-coated nanocrystals before and
after incubation in FBS.

Figure 4.15a,b shows that the elution peaks are in agreement with their
dissociation rates. In addition, the profile for the PAMPS-LA-coated nanocrystals
indicates that another peak eluted much sooner than others. We believe that this
value refers to the non-specific adsorption of other proteins found in plasma, most
likely immunoglobulin G (IgG), to the surface of the nanoplate coated with PAMPSLA.165 Moreover, the third peak is a result of a dissociation rate that is
approximately one order of magnitude slower due to a shift in elution behavior from
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a bimodal to trimodal profile.168 However, the profile for PAA-LA-coated
nanocrystals does not show adsorption of other proteins. All mentioned SE-HPLC
profiles shown in Figure 4.13 and Figure 4.15 confirm that particles with higher
surface charge density adsorb more proteins, causing the rotational tumbling rate to
decrease more effectively.
This experiment also involved tracking SE-HPLC evolution over time for
solution of nanocrystals after the addition of different concentrations of FBS (Figure
4.16a-f). As noted earlier, bimodal and trimodal profiles indicate strong protein
adsorption on the surface of nanocrystals, while a unimodal profile is a sign of a fast
dissociation rate. Figure 4.16a-c shows that as soon as PAMPS-LA-coated nanoplates
encounter FBS media, three peaks appear on the elution profile. This indicates that
proteins bind strongly to the surface of the nanoplate. To verify the presence of
stable hard coronas, it is important to analyze the evolution of the peaks over time.
The profiles shown here confirm the formation of hard coronas for PAMPS-LAcoated nanoplates in FBS since protein adsorption maintains the trimodal elution
profile. However, the ratio of the peaks eluted at earlier positions to the last eluted
peak varies for each FBS concentration. For a solution of 10% FBS, the SE-HPLC
profile indicates a larger fraction of protein-nanoplate complex eluted at an earlier
time. In contrast, for a solution of 75% FBS, the two peaks are smaller and the
profile is closer to bimodal or even unimodal elution.
This behavior indicates the importance of protein concentration in the
competition between abundant protein and other proteins with a higher affinity for
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the surface of nanocrystals. We found that, when a nanocrystal encounters
hundreds of proteins, the most abundant protein immediately covers the whole
surface.153 Then, other proteins with a higher affinity take their place and bind to
particle more strongly. In the case of a very high concentration of serum like 75%
FBS, the nanocrystal is thoroughly covered with abundant protein, most likely HSA,
and it is harder for other proteins to reach its surface. These findings demonstrate
that the trimodal profile is more noticeable in 10% versus 75% FBS.154
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Figure 4.16. Effect of incubation time on HSA-nanoplate size
SE-HPLC profiles of PAMPS-LA and PAA-LA-coated nanoplates in (a,d) 10%, (b,e)
30%, and (c,f) 75% FBS.
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In contrast, a nanoplate coated with PAA-LA shows entirely different
behavior due to its fast protein dissociation rate. At the time of protein addition, two
peaks appeared on the SE-HPLC profile of solutions of 10% and 30% FBS,
respectively (Figure 4.16d,e). But in opposition to PAMPS-LA surface coating, PAALA does not continue to adsorb more protein and its original two peaks start to shift
to a unimodal elution profile. This confirms that proteins interact with PAA-LAcoated nanoplates but make soft coronas with fast exchange rates and low affinity.
Figure 4.16f shows that in a high concentration of serum, the exchange rate between
protein and PAA-LA-coated nanoplates decreases due to protein abundance in the
solution.
4.3.6. Relaxivity measurement in FBS
Following the earlier experiments, relaxivity was measured in more complex
serums including FBS. Several lines of evidence presented in this chapter indicate
strong non-specific binding and formation of hard coronas for PAMPS-LA-coated
nanoplates as compared to particles coated with PAA-LA. However, it is important
to note that the serum used in these experiments contained other components that
could affect the nanocrystal’s performance as a T1 contrast agent.169 Given that both
salt and protein can affect relaxivity, it is important to measure relaxivity in a
complex serum or in biomimetic solutions.
As an initial experiment to examine the effect of a more complex
environment on relaxivity, we measured the relaxivity of PAMPS-LA-coated
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particles in a solution of HSA and sodium chloride, and compared it to the results for
each separate environment. As mentioned before, relaxivity for particles coated
with PAMPS-LA is diminished in the presence of salt and is enhanced in HSA. Figure
4.17shows that, in a solution containing both HSA and salt, relaxivity still remains
higher than the value in deionized water, except for a slightly lower relaxivity in the
case of HSA only. This implies that salt cannot increase the tumbling rate as
effectively as in a saline solution since the protein binds strongly to nanocrystals
and decreases the tumbling rate.

Figure 4.17.Rrelaxometric properties of nanoplates in salt and protein
(a) Longitudinal relaxation rates and (b) r1 relaxavity comparison of PAMPS-LAcoated gadolinium oxide nanocrystals in deionized water, 100 mM NaCl, 10 mg/mL
HSA and a solution containing both, 100 mM NaCl and 10 mg/mL HSA.

Figure 4.18 shows r1 measurement for polymer-coated nanoplates in a
solution of 10% FBS, which is the commonly used concentration of FBS in cell
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culture media. Our finding that nanoplates still exhibit tremendous relaxivity even
in a serum with high ionic strength containing hundreds of proteins is quite
remarkable. For PAMPS-LA-coated nanocrystals in FBS, relaxivity is higher than in
deionized water despite the high ionic strength of the serum. It seems that the ions
are unable to quench relaxivity any further due to the formation of stable protein
coronas. In contrast, media show little impact on the relaxivity of PAA-LA-coated
nanoplates.
It is important to note that PAMPS-LA-coated nanoplates still show very high
relaxivity values in the presence of FBS. For these nanoplates, relaxivity has a value
of 65.4 ± 1.35 mM-1s-, which is among the highest relaxivity values reported for
nanocrystal gadolinium-based contrast agent in any media.

Figure 4.18. Relaxivity values in water and a 10% FBS solution.
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As previously mentioned, protein-nanocrystal interaction may affect protein
bioactivity, nanocrystal characteristics, or the biosafety of nanocrystals for
biological applications.170 Therefore, it was important to further investigate protein
conformation on the surface of the nanocrystal and the ways in which this
influences nanoplates as MRI contrast agents. Figure 4.19 shows relaxation rates
and corresponding relaxivity in a solution of PAMPS-LA-coated gadolinium oxide
nanoplates containing various concentrations of FBS.

Figure 4.19. FBS concentration effect on relaxometric properties
relaxation rates (top) and relaxivity (bottom) of PAMPS-LA-coated nanocrystals.
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We found that, in a 10% FBS solution, relaxivity is not linear for the entire
range of concentration; the change in linearity can be found at approximately 0.5
mM of gadolinium (III) ions. The non-linearity dependency repeats for a solution of
30% FBS, but not for a 75% concentration. This result is unexpected since relaxivity
should have a linear relation to gadolinium ion concentration based on Equation
4-2:17
1
1
= ( + 𝑟6 [𝐺𝑑]
𝑇6
𝑇6

Equation 4-2. Longitudinal relaxivity (r1)

We approach this unexpected behavior as being related to the conformation
of proteins on the nanocrystal’s surface. We found that, in a solution with a certain
FBS concentration, fewer proteins interact with each particle when the ratio of
nanocrystal to protein is increased. Hence, nanocrystals can transfer more energy to
proteins.154 A higher level of energy transfer increases protein binding strength,
which

causes

a

transformation

from

compact

conformation

to

open

conformation.153, 154 Figure 4.20a-c confirms slower dissociation kinetics for higher
concentrations of nanocrystals, which is a result of both conformational change and
stronger protein-nanoplate binding.
In this experiment, we also assumed that varying the protein-nanocrystal
ratio might have an impact on corona composition. Figure 4.20a shows that
changing the nanoplate concentration affects not only kinetic and binding strength,
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but also the ratio between peaks. As the nanoplate-protein ratio increases,
abundance proteins with low affinity may make up a large portion of the corona,
whereas in a less concentrated nanocrystal solution, lower abundance proteins but
with higher affinity can replace abundance proteins.156, 171
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Figure 4.20. Gadolinium ion concentration effect on protein interaction
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SE-HPLC profile a mixture of nanocrystals and FBS with the final concentration of
(a) 10%, (d) 30%, and (c) 75% FBS.

The conformational change from compact to open is in favor of relaxivity
enhancement based on two factors. First, thicker and stronger hard coronas reduce
the tumbling rate more efficiently. Second, open conformation allows more water
molecules access to surface gadolinium. This could be the reason for relaxivity
enhancement in 10% and 30% FBS solutions in a high range of gadolinium
concentration. However, as mentioned before, in solutions with 75% FBS, proteins
cover the entire surface due to their extremely high concentration. Therefore, to see
conformational change, the concentration of nanocrystals should be beyond the
range we used in our study. Further research is thus suggested in this area.
Another component of this experiment involved PAA-LA. We measured the
relaxivity of PAA-LA-coated nanoplates in FBS at the same concentrations as those
used with PAMPS-LA (Figure 4.21). In contrast to particles coated with PAMPS-LA,
here relaxivity does not show significant dependency on nanocrystal concentration
up to 75% FBS.
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Figure 4.21. FBS concentration effect on relaxometric properties
Relaxation rates (top) and relaxivity (bottom) of PAA-LA-coated nanocrystals

Our explanation of this finding is related to the earlier discussion regarding
the fact that PAA-LA surface coating does not interact strongly with FBS. Therefore
the nanocrystal-protein ratio does not affect protein conformation or relaxivity
(Figure 4.22a,b). However, nanocrystal concentration plays an important role when
FBS concentration is 75%. As mentioned earlier, in this high serum concentration,
the PAA-LA surface coating interacts with the proteins (Figure 4.22c); it is thus not
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surprising that relaxivity no longer has a linear relationship with gadolinium
concentration.

Figure 4.22 Gadolinium ion concentration effect on protein interaction
SE-HPLC profile a mixture of nanocrystals and FBS with the final concentration of
(a) 10%, (d) 30%, and (c) 75% FBS.
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4.3.7. Conclusion
In this chapter, we introduced three novel surface-coated gadolinium oxide
nanocrystals that exhibit tremendous relaxivities. These materials maintain their
excellent performance as MRI contrast agents both in deionized water and in the
presence of salt, protein, or even high concentrations of serum. SE-HPLC profiles
show how the nanocrystals interact with proteins, as well as illustrating their
adsorption kinetics. This study therefore demonstrates the surprising non-linear
dependency of relaxivity on the concentration of contrast agents in the case of
protein adsorption. These findings provide strong evidence that surface-coated
gadolinium oxide nanoplates have the potential to be promising candidates as T1
MRI contrast agents in a real biological environment.
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Chapter 5

In vitro and In Vivo Cytotoxicity of
Gadolinium Oxide Nanocrystals

5.1. Introduction
In this chapter, the final experiments that were conducted as part of this
study are discussed, including in vitro cytotoxicity assays and in vivo evaluations.
These experiments were performed in an effort to investigate the biocompatibility
concerns of surface-coated gadolinium oxide nanocrystals as T1 MRI contrast agents.
Over the past few decades, nanocrystals have attracted increasing attention
as promising candidates for varied uses in biotechnology and life science. The
application of nanocrystals is growing in diverse areas, including drug delivery,
biosensing, gene therapy, and biomedical imaging. While the number of biological
applications using nanocrystals is increasing with remarkable speed, there is still a
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serious lack of knowledge concerning the biosafety of these agents and the factors
influencing their toxicological impacts.1-3 The major toxicological concerns
associated with nanocrystals include destroying cell membranes, deforming vital
proteins, accumulation in certain organs, and undesired blood circulation half-life.
The basic characteristics of these crystals, including type, size, shape, and surface
charge can play a major role in certain biological responses.4-6 It is therefore crucial
to design a system consisting of nanocrystals with distinct characteristics in order to
effectively explore their associated toxicological impacts.
The first important challenge that the application of nanocrystals as MRI
contrast agents poses is overcoming the intrinsic toxicity effect of heavy metals such
as gadolinium. Gadolinium is a trivalent toxic metal ion responsible for causing an
extreme systemic disorder called nephrogenic systemic fibrosis (NSF), which affects
patients with kidney failure.7,8 Over the past decade, NSF was observed mostly in
patients with acute renal failure or patients experiencing dialysis with end-stage
renal disease. In 2000, Cower and colleagues reported the first group of patients
with symptoms of “scleromyxedema-like” skin lesions, individuals who were
subsequently diagnosed with nephrogenic fibrosing dermopathy (NFD) the
following year.9,10 Three years later in 2003, it was discovered that this disease
could affect other systemic organs, leading to the broader application of the term
NSF to characterize patients with similar symptoms, such as NFD.11 This disorder is
commonly described as extreme thickening and hardening of the skin, accompanied
by pain and swelling. Over time, the diseased skin begins to develop nodules and
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patches and in some patients, joints, muscles, and other internal organs may be
affected.12 It was not until 2006 that researchers realized that patients suffering
from NSF had been recently exposed to gadolinium complexes during their MRI
procedures.13,14
The exact mechanism of NSF development is still not well understood.
However, gadolinium chemistry aids researchers in better identifying the
pathogenesis of this disorder. Gadolinium ion is considered a highly toxic metal that
can inhibit calcium-activated enzymes and induce macrophage apoptosis.15 In
commercial contrast agents, gadolinium ion is protected by ligands in chelates,
which turns it into a non-toxic stable complex. In patients with normal renal
function, gadolinium chelates are cleared from the blood by the kidney within 1.5
hours.16 In patients with kidney failure, however, the complex can remain in the
body for more than 30 hours.7 The extended retention time of gadolinium chelates
in these individuals increases the chance of gadolinium ion leakage. If leakage
occurs, free gadolinium ion forms an insoluble complex with hydroxide and
phosphates at the physiological pH.17 These insoluble complexes of gadolinium can
induce macrophage apoptosis and inhibit certain enzymes in the dermis, thus
leading to fibrosis.18
As is the case with chelates, gadolinium in nanocrystals needs to be covered
and protected from leakage. The surface coating should be chosen wisely since the
type, size, and charge of the coating may influence its biocompatibility. A major
challenge when designing a well-coated nontoxic nanocrystal as a MRI contrast
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agent is allowing the water molecules sufficient access to the gadolinium core. In the
previous chapters of this thesis, the efficiency of gadolinium oxide nanoplates as T1
contrast agents was evaluated by coating nanoplates with different polymers. In the
following sections, the in vitro cytotoxicity assays and in vivo evaluations performed
as part of this study are described in order to address the biocompatibility of
surface-coated gadolinium oxide nanocrystals.

5.2. Experimental
5.2.1. MTS Assay
For this experiment, macrophage (Raw 264.7) and HDF cells were cultured
over a certain amount of time in DMEM with 1% penicillin and 10% FBS. To
investigate the in vitro cytotoxicity effect of gadolinium oxide nanocrystals, cells
were seeded in a 96-well cell culture plate and incubated with various
concentrations of water-soluble nanocrystals (0-300 μM) for the desired period of
time (2-24 h). A standard MTS assay (CellTiter 96, Promega) was performed where
the absorbance of MTS-stained cells was measured using a plate reader
(SPectraMax, M2, Molecular devices) at 490 nm.
5.2.2. Live-Dead Assay
Subsequently, confluent macrophage and HDF cells were washed with PBS
and stained using diluted live-dead assay stains in PBS with a final concentration of
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2 μM of calcein-AM and 4 μM of ethD-1. The cells were then incubated for 30-45
minutes. All images were collected using an EVOS fluorescence microscope.
5.2.3. Wound-Healing Assay
For the wound-healing assay, cells were first seeded in 6-well plates with a
vertical line drawn behind each well. Cells were then scratched in a line using the tip
of a 100 μL pipette held at a 45 degree angle. After washing the dead cells with PBS,
media containing different concentrations of nanocrystals were added. Images were
acquired at certain time intervals using an optical microscope (10X) oriented at the
cross point of the scratch and the marked line on the back of the plate.
5.2.4. Pharmacokinetic and Biodistribution Study
Mice models were used for the pharmacokinetic and biodistribution studies.
All animal work for these experiments was performed in Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC) accredited facilities, and all
procedures were approved by the Institutional Animal Care and Use Committee. For
both studies, six C57BL/6-J mice (6 months old) were injected with 100 μL of 2.5
mM gadolinium oxide nanocrystals in PBS via tail vein. To measure blood circulation
half-life, 20 μL of blood was drawn at certain time intervals (0-4 h), and the
gadolinium concentration of each draw was later determined using ICP-MS (Perkin
Elmer Nexion 300). For the biodistribution study, mice were sacrificed by cervical
dislocation and tissues were obtained and weighed for measurement by ICP-MS at
24 hours post injection.
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5.3. Results and Discussion
Evaluating the toxicological effect of nanomaterials on living systems
requires both in vitro and in vivo examinations. In vivo studies help researchers to
understand the distribution kinetics and the ways in which internal organs respond
to the introduction of nanocrystals. In addition to the information obtained through
in vivo examinations, in vitro cytotoxicity assays can provide more detailed evidence
at the cellular level. Cellular testing is a convenient, less expensive, and reproducible
method that is often performed as one of the first steps toward recognizing certain
biological responses following the addition of nanocrystals. The challenge faced in
correlating cell death to the toxicity of nanocrystals is the sensitivity of cell cultures
to cell environmental conditions such as temperature, pH, media, or contamination.1
Therefore, is it important to ensure that cells with added nanocrystals are being
treated in the same manner as a control cell free of all additives.
5.3.1. MTS Cytotoxicity Assay
Among the various cytotoxicity assays, MTS or 3-(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium is a convenient yet
sensitive colorimetric method for assessing cell viability.19-21 Similar to other
viability assays, this test determines the mechanism behind the induced cell death
by measuring the reductive capacity based on the colorimetric response. MTS
reagent is a negatively charged tetrazolium compound; in its reaction with the
mitochondrial activity of viable cells, it converts to a colored formazan product. The
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number of living cells is proportional to the amount of formazan, which can be
measured from the absorbance at 492 nm.
5.3.1.1. Effect of Nanocrystal Size on Cytotoxicity
One of the main factors influencing cell viability is the size of nanocrystals.
Many studies have reported a correlation between crystal size and observed
cytotoxicity in both nonphagocytic and phagocytic cells. Some studies reported a
higher toxicity effect for smaller nanocrystals in nonphagocytic cells.22-25 In contrast
to these studies, other research has reported cellular toxicity as completely
independent from the size of nanocrystals.26,27 To investigate whether the size of the
PAMPS-LA coated gadolinium oxide nanocrystals synthesized in this work affects
cytotoxicity, nanocrystals with an average core size of 2, 5, and 12 nm were
incubated with HDF cells for 24h. The high number of viable cells obtained via MTS
assay revealed that all three sizes of gadolinium oxide nanoplates were
biocompatible up to a concentration of 300 μM with respect to HDF cells (Figure
5.1).
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Figure 5.1. Effect of nanocrystal size on cytotoxicity.
Viable percentage of HDF cells incubated with PAMPS-LA coated nanocrystals of
different sizes evaluated using MTS assay.

5.3.1.2. Effect of Incubation Time on Cytotoxicity
In this part of the experiment, we investigated whether incubation time
would affect cell viability. Given that nonphagocytic cell lines like HDF generally do
not uptake particles like phagocyte cells, our finding that longer incubation time
does not significantly affect toxicity was not surprising. As presented in Figure 5.2,
by increasing the incubation time from 2h to 24h, cell viability decreased by
approximately 20%, especially in the concentration range between 50-200 μM of
gadolinium (III) ions.
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Figure 5.2. Effect of incubation time on cytotoxicity.
Viable percentage of HDF cells after 2h and 24h of incubation with PAMPS-LA
coated nanocrystals evaluated by MTS assay.

5.3.1.3. Effect of Surface Coating on Cytotoxicity
Many researchers believe that surface charge is the main influencing factor in
determining nanocrystal cytotoxicity.3,28-31 However, surface charge does not always
affect toxicity in the same direction. In most cases, nanocrystals with a positive
surface charge are more toxic to nonphagocyte cells than those with a negative or
neutral surface charge.29 This rule, however, does not apply to all nanocrystals or all
cell types.32,33 In comparison with charged surfaces, shielding the surface of
nanocrystals with PEG greatly enhances the biocompatibility of nanocrystals. This is
why PEG is one of the most desired polymers for use as a surface coating when
designing nanomaterials.34 The inert yet hydrophilic character of PEG provides high
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surface mobility, thus reducing the risk of cell membrane damage, thrombus
formation, or other cytotoxic effects.35-37
As part of this study, the cytotoxicity effect of gadolinium oxide nanocrystals
coated by PEG, PAMPS-LA, and PAA-LA on HDF cells was determined using MTS
assay after 24h of incubation time. As shown in Figure 5.3, nanoplates coated with
PEG demonstrate higher cell viability at all concentration levels compared to other
surface coatings. Nanocrystals with either PAMPS-LA or PAA-LA surface coating
carry the negative functional groups of sulfonate and carboxylate, respectively.
Therefore, both coatings exhibited nearly the same level of cytotoxicity.

Figure 5.3. Effect of surface coating on cytotoxicity.
Viable percentage of HDF cells after 2h of incubation with PAMPS-LA or PAA-LA
coated nanocrystals evaluated by MTS assay.
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5.3.1.4. Effect of Cell Type on Cytotoxicity
As mentioned earlier in this chapter, gadolinium-based contrast agents can
trigger a fibrosis disease called NSF, primarily in patients with renal failure. In the
absence of efficient renal function, free gadolinium (III) ions are able to induce
macrophage apoptosis and stimulate them to release growth factor such as fibrotic
cytokines. These growth factors can prompt tissue fibrosis, which is a main
characteristic of NSF. Bhagavathula et al. found that shielding gadolinium ions via
chelating could reduce cytotoxicity in HDF cells by 100-250 times compared to cells
exposed to gadolinium chloride.38
Given these facts, it is necessary to evaluate the cytotoxic effects of
gadolinium oxide nanocrystals on both macrophage and fibroblast cells. To
accomplish this, HDF and macrophage (Raw 264.7) cell lines were incubated with
both PAMPS-LA and PAA-LA coated nanoplates for 2h, after which cell viability was
investigated via MTS assay. As demonstrated in Figure 5.4, cell viability for both cell
lines remained higher than 80% in all ranges of incubation concentration up to 300
μM.
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Figure 5.4. Effect of cell type on cytotoxicity.
Viable percentage of HDF and macrophage (Raw 264.7) cells after incubation with
(a) PAMPS-LA or (b) PAA-LA coated nanocrystals evaluated by MTS assay.
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It is important to note that clinical doses of 0.1 mmol.kg-1 are typically given
for Magnevist, a value that is equal to approximately 100 µM of gadolinium.16 Given
the high relaxivity of gadolinium oxide nanocrystals, it is possible that even lower
doses would be required. While further studies of both the acute and chronic
toxicity of these materials in vivo are clearly required, it is promising that the in vitro
results for the commercial agents and nanoparticles are so similar.39-42
5.3.2. Live-Dead Cytotoxicity Assay
A live-dead toxicity assay was utilized as part of this study since it is among
the most popular methods to visually distinguish live cells from dead cells.43-45 To
put it simply, this method is a two-color fluorescence staining assay that takes
advantage of two well-recognized cell viability parameters: intracellular esterase
activity and plasma membrane integrity. Calcein-Am, a non-fluorescent derivate of
fluorescence, is the live stain of this assay and can easily enter cells by diffusion.1
Esterase activity of live cells enzymatically converts the calcein-AM to the intensely
green fluorescent calcein. The polyanionic calcein can stay inside live cells well and
generates an intense green fluorescence. In contrast, damaged plasma membranes
of non-viable cells allow EthD-I as the dead stain to enter the cells. Upon entering
the cells, EthD-I binds to nucleic acid and undergoes extensive enhancement of its
fluorescence, which results in distinguishing dead cells by an intense red
fluorescence.45
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Fluorescent microscopic images on HDF and macrophage cells stained with
live-dead assay dyes revealed that cells could retain their viability after the addition
of surface-coated gadolinium oxide nanocrystals (Figure 5.5 and Figure 5.6). In
addition to cell viability, the microscopic images showed that the spindle shape of
HDF cells and the round shape of Raw 264.7 cells were not affected by the addition
of different concentrations of surface-coated nanoplates.

Figure 5.5. Fluorescent images of HDF cells in live-dead assay.
Fluorescent images from cells incubated with different concentrations of PAA-LA,
PAMPS-LA, and PEG coated nanocrystals. Scale bars are 400 nm.
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Figure 5.6. Fluorescent images of macrophage cells in live-dead assay.
Fluorescent images from macrophage (Raw 264.7) cells incubated with different
concentrations of PAA-LA, PAMPS-LA, and PEG coated nanocrystals. Scale bars are
400 nm.

5.3.3. Wound-Healing Assay
A wound-healing assay was also used in this study. Commonly referred to as
a scratch assay, it is a straightforward, inexpensive, and well-developed assay
beneficial for the study of cell migration in vitro. Although this method is an in vitro
assay, it is also suitable for mimicking the healing process and cellular migration in
vivo.46 The basic steps consist of microscopic observation of cells at certain time
intervals after creating an artificial scratch.47 The cells on the edge of the scratch or
wound begin migrating to fill the gap in order to create new cell-cell contacts. The
rate of cell migration is determined through all steps of the process, including the
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creation of a wound, regular observation using an optical microscope, and
investigation of the healing process until the wound is closed.47
A cell migration study can be particularly useful for investigating gadoliniumbased compounds. It is crucial to establish that cells with gadolinium-containing
materials present can still remain healthy enough to migrate equally as well as cells
that were cultured normally without any additives. The results of this experiment
may not be entirely representative of the outcomes of a real in vivo response, but the
present study nevertheless presents an excellent opportunity for mimicking cell
migration in vivo.
The cell migration assay employed in this work is the healing process of both
HDF and macrophage cells in media containing PAMPS-LA coated nanocrystals.
Optical microscopic images of cells incubated with different concentrations of
nanocrystals were captured at the beginning of the experiment and at certain time
intervals and then compared to the healing rate of control cells (free of
nanocrystals). Figure 5.7 shows how a confluent layer of HDF closed the artificial
gap (wound) in a 48h time period. Each row refers to the cells after the addition of
media containing nanocrystals with different concentrations at the moment of
wound creation.
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Figure 5.7. Healing process of HDF cells in a wound-healing assay.
Optical microscopic images of scratched HDF cells with different concentrations of
PAMPS-LA coated nanocrystals over a 48h period.

Although cells with a high concentration of nanocrystals healed at a slower
rate compared to the control cells, the microscopic images present substantial
evidence that fibroblast cells maintain their migration capability even with the
presence of a high concentration of nanoplates. The reduction in the distance
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between cells on the leading edge of the scratch quantifies this healing process and
makes the comparison more accurate (Figure 5.8).

Figure 5.8. Healing percentage of HDF cells in a wound-healing assay.
Reduction percentage of the distance between HDF cells on the leading edge of the
scratch.

As is shown above, the healing process was complete for the control cells 30h
after the cells had migrated through the entire created scratch. Upon the addition of
the nanocrystals, cells with 20 μM of nanocrystals migrated slower, with the gap
closing after 48h instead of 30h. Moreover, at higher incubation concentrations,
cells were unable to fill the gap during the duration of the experiment. However, it
was still promising to observe that even with the slowest healing rate—found in
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cells with a nanocrystal concentration of 200 μM—the artificial wound was healed
by nearly 65% based on the distance that the cells migrated during the duration of
the experiment.
Another component of this experiment was based on the expectation that in
the presence of nanocrystals, macrophage cells would show different responses
than fibroblasts due to one major difference. As a phagocyte cell, a macrophage is
able to uptake particles with higher efficiency than a nonphagocytic cell such as
HDF. The cellular uptake of nanocrystals by Raw 264.7 cells was fully investigated
earlier in this thesis (Chapter 3). The presence of nanocrystals inside the cells may
alter their healing capability, however. Figure 5.9 demonstrates the migration of
macrophage cells in the presence of PAMPS-LA coated gadolinium oxide
nanocrystals.
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Figure 5.9. Healing process of macrophage cells in a wound-healing assay.
Optical microscopic images of scratched macrophage cells with different
concentrations of PAMPS-LA coated nanocrystals over a 48h period.

As is visually apparent, the cells with high concentrations of gadolinium were
unable to fill the scratch within the timeframe of the experiment. We therefore
hypothesize that uptaken nanocrystals impair the healing process of macrophages
as opposed to that of fibroblasts. The distance that the cells traveled in order to fill
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each gap can quantify this healing process for each different incubation
concentration (Figure 5.10).

Figure 5.10. Healing percentage of macrophage cells in a wound-healing assay.
Reduction percentage of the distance between macrophage cells on the leading edge
of the scratch.

We found that control macrophage cells were able to reach 100% healing
after 48h. This implies that without the addition of any nanocrystals, macrophage
cells have a slower healing rate than HDF cells, which filled the gap in 30h (Figure
5.8). After the addition of nanocrystals, the macrophage cells could not migrate
through the whole scratch. At the lowest incubation concentration (20 μM), cells
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filled the artificial wound by 63% during the duration of the experiment, and at the
highest concentration (200 μM), this value was reduced to only 15%.
The relatively low in vitro cytotoxic effect of nanocrystals found in MTS, livedead, and wound-healing assays is promising for their application as contrast
agents. Further studies of both the acute and chronic toxicity of these materials in
vivo is recommended to determine whether they show similar outcomes in live
animals.
5.3.4. Pharmacokinetic Study
The pharmacokinetics and biodistribution of MRI contrast agents create both
opportunities and constraints for the imaging of specific organs and diseases. After
gadolinium-based contrast agents are administered intravenously, they distribute in
the blood, as well as in extracellular or intravascular spaces, and are later eliminated
from the body through the excretory organs.16 It is well documented that
elimination half-life plays an important role in determining the safety of gadoliniumcontaining compounds. In fact, the extended elimination half-life of these
nanocrystals is responsible for the presence of NSF disease in patients suffering
from renal failure.7,12,13 Caravan et al. investigated the pharmacokinetic profiles of
approved gadolinium-based contrast agents and described them all as extracellular
fluid agents.16,48,49 These agents distribute in the blood quickly, and in a patient with
normal renal function they clear from the blood with an approximate elimination
half-life of 1.5 hours.48-50
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Nanocrystals may have drastically different distribution or elimination
kinetic rates than small molecules. The physicochemical properties of nanocrystals,
including composition, size, surface functionality, and charge may influence their
clearance rate and biodistribution pathway.51 It is important to determine how long
it takes for PAMPS-LA coated nanocrystals to distribute in the body, as well as the
speed at which they clear from the blood. Figure 5.11 shows the concentration of
gadolinium (III) ion in the blood of five healthy mice four hours after their
intravenous injection.

Figure 5.11. Blood clearance kinetics of nanocrystals.
Gadolinium concentration in the blood of five mice injected with PAMPS-LA coated
nanocrystals.
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It is evident from the plasma kinetics that after 1h, the blood was cleared of
half of the initial injection doses of nanocrystals. Moreover, the secondary
pharmacokinetic parameters were determined more accurately based on the fit of a
two-component biexponential function to the clearance data (Equation 5.1).16
𝐶ƒ = 𝐴𝑒 l…† + 𝐵𝑒 l‡†

(1)

ln (2)
𝑎

(2)

ln 2
𝑏

(3)

∝6 =
9

𝛽6

9

=

𝐶𝑙†Œ† = 𝑉• . 𝑏

(4)

Equation 5.1. Pharmacokinetic Parameters

These equations determine the total clearance rate of the contrast agent
based on the blood (Cltot), the distribution half-life (α1/2), the elimination half-life
(β1/2), and the volume of distribution (Vd). Table 5-1 summarizes the differences
between the plasma kinetic profile of gadolinium oxide nanoplates and Magnevist
calculated using a two-component biexponential function.
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Cltot (mL.min-1.kg-1)

α1/2 (h)

β1/2 (h)

Vd (L.kg-1)

Magnevist

1.94

0.2

1.6

0.26

Gd2O3

1.03

0.6

0.8

0.07

Table 5-1. Plasma kinetics of Magnevist and gadolinium oxide nanocrystals.

The distribution half-life for gadolinium oxide nanoplates with a dimension
of 12 nm is 0.6h, which is longer than Magnevist, which has a distribution half-life of
0.2h. However, gadolinium oxide nanoplates have a shorter elimination half-life
(0.8h) than Magnevist (1.6h). This means that nanoplates have a slower distribution
rate constant (a in Equation 5.1), and a faster elimination rate constant (b in
Equation 5.1). Gadolinium oxide nanocrystals’ 0.07 L.kg-1 volume of distribution
reflects the plasma volume, which suggests their presence in the intravascular
space. This stands in contrast to Magnevist’s 0.26 L.kg-1 volume of distribution,
which indicates its presence in the extracellular space.16,52 Equation 5.1 represents
the total clearance rate as an important biodistribution factor. A faster elimination
rate and smaller volume of distribution results in an overall slower total clearance
rate of blood for the nanoplates than for commercial Magnevist.
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5.3.5. Biodistribution Study
A biodistribution study was performed using PAMPS-LA and PAA-LA coated
gadolinium oxide nanocrystals to examine the pathways for nanocrystal clearance.
Designing nanocrystals with optimal clearance characteristics will reduce their
toxicological effect and minimize exposure time to internal organs. Nanocrystals
travel along two biodistribution pathways and are cleared from the body either
through renal elimination or the reticuloendothelial system (RES).16,53,54 Renal
clearance is responsible for removing molecules and small nanoparticles, generally
no bigger than 5 nm in size, from the blood stream in their original form.53 All
approved gadolinium-based contrast agents are cleared from the body by renal
elimination or by mixed renal and hepatobiliary elimination.16
Compared to renal elimination, hepatic clearance is more complex and
consists of a multi-step process. The liver plays an extremely important role in
clearing the blood stream of foreign substances through phagocytosis.55 Liver
cells—mainly hepatocytes and Kupffer cells—each play distinct roles in the hepatic
clearance process. Hepatocytes prepare particles for biliary excretion. These cells
have much less phagocytic capacity than Kupffer cells, but they can still catabolize
particles after endocytosis, which they then excrete via the biliary systems.56 In
contrast, Kupffer cells are part of RES and possess several receptors for
phagocytosis of nanocrystals. Intracellular degradation is the major process that
occurs in Kupffer cells for particle removal.53 The body will retain those particles
that are not broken down by phagocytic cells such as Kupffer or spleen cells.
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Our biodistribution study of PAMPS-LA and PAA-LA coated gadolinium oxide
nanocrystals confirms the hepatobiliary system as the primary pathway for the
clearance of nanocrystals, as shown in Figure 5.12. This is commonly observed for
nanoparticles larger than 10 nm in dimension.51 In general, the exact hydrodynamic
diameter of particles with dimensions between 20 nm and 100 nm, does not
significantly determine the biodistribution or biological activity; in fact in this size
range, the surface coating has more influence over clearance times from the blood,
and the route of elimination is through the RES.51,57,58 High accumulation of
gadolinium (III) ions in the liver and spleen provide strong evidence of RES
clearance of gadolinium oxide nanoplates. Phagocytic Kupffer macrophage cells of
the liver serve as highly effective hosts for uptake of the negatively surface charged
nanocrystals.3
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Figure 5.12. Biodistribution of surface-coated gadolinium oxide nanocrystals.

5.4. Conclusion
In this chapter, we studied the in vivo and in vitro cytotoxic effects of
polymer-coated gadolinium oxide nanocrystals. In vitro cytotocixity assays including
MTS, live-dead, and wound-healing assays reveal that the nanocrystals have no
significant toxicity up to a concentration of 300 μM of gadolinium (III) ions.
Pharmacokinetic parameters based on a two-component biexponential function
offer sufficient blood circulation half-life for the imaging process, and they are
comparable to the commercial contrast agent Magnevist. Furthermore, the
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biodistribution study showed the nanocrystals’ rapid clearance through the liver, as
well as confirming their cellular uptake.
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