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ABSTRACT

Iron oxides magnetic nanoparticles (MPs) of high crystallinity, high magnetization, and
size-monodispersity were synthesized with oleic acid as their native ligands. These
hydrophobic and non-functionalized MPs have magnetic properties that are suitable for
various biological applications. Surface modifications were studied for transferring these
MPs into biological environments as well as transforming them into functional
nanoparticles.

Certain surface modifications of MPs, such as attaching silane groups and silica coating,
lead to formation of more complex structures of superparamagnetic and fluorescent silica
microspheres and nanostructures. These microspheres and nanostructures comprising
MPs and semiconductor quantum dots (QDs) are useful tools for biological applications
such as for magnetically controlling with fluorescent tracking of particles and for bimodal
imaging.

Surface modifications of MPs with hydrophobically-modified polyacrylic acid (mPAA)
amphiphilic polymer and catechol-derivative surfactants resulted in hydrophilic MPs that
are stable in physiological environment and small in their hydrodynamic size. These MPs
are also designed to possess active functional groups that are necessary for further
conjugations with proteins and molecules of interest. These hydrophilic and functional
MPs are useful in biological applications such as magnetic resonance imaging and
sensing applications.
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Chapter 1

Introduction

1.1 Magnetic properties of Materials

Every substance has its own magnetic properties. Materials can be divided into
three main classes of magnetic properties: diamagnetic, paramagnetic, and
ferromagnetic. The arrangements of atomic dipoles are the main causes of different

magnetic properties, as shown in Figure 1.1.

Figure 1.1 Diagram represents the arrangement of atomic dipole in (a)

diamagnetic, (b) paramagnetic and (c) ferromagnetic materials.

Diamagnetism, which is intrinsic to most materials, is dominant in materials
without unpaired electrons (Figure 1.1a). Examples of diamagnetic materials are gold,
water, and argon.' The second class is paramagnetic materials. These materials include
atoms with unpaired electrons, but there is no coupling between these spins (Figure 1.1b).
Paramagnetic materials in nature include aluminum, titanium, and oxygen.' The third
class of magnetic properties is ferromagnetic materials. These materials have atoms with
unpaired electrons, and all of their spins are coupled and aligned in parallel fashion
(Figure 1.1c). As a result, these materials have permanent magnetic moments. Examples
of ferromagnetic materials include iron and cobalt.'

The differences in magnetic response to magnetic field of these materials are
significant. As shown in Figure 1.2, behaviors and degrees of response to amagnetic field

of these three classes of materials are readily observed. In diamagnetic materials (Figure
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1.2a), very small repulsions in response to an external magnetic field are observed. The
volumetric magnetic susceptibility, y, of these materials falls in the range of -10 to-10>2
This repulsion force comes from the induced magnetic field from orbiting electrons of
opposite direction to the applied magnetic field." In contrast, paramagnetic materials
show a small attraction response to the applied magnetic field (Figure 1.2b). This
response is in the range of 10 times higher than the response of diamagnetic materials in
opposite direction. Magnetic susceptibility, x, of these materials falls in the range of 10
to 102 For ferromagnetic materials (Figure 1.c), strong attractions to an applied
magnetic field, at the range of 100 times higher than paramagnetic case, are observed.
Also, there will be some permanent magnetic moment after removal of the magnetic
field, as shown in the hysteresis response when applied to the magnetic field of the

opposite direction.

11y —

Figure 1.2 Magnetic responses of (a) diamagnetic, (b) paramagnetic and (c)

ferromagnetic materials to magnetic field (H).

There are two more special cases of ferromagnetism: ferrimagnetism and
antiferromagnetism. Ferrimagnetic materials, such as in magnetite and maghemite iron
oxides,’ possess unpaired electrons, and these unpaired electrons are all coupled. In
contrast to the case with ferromagnetism, these couplings have some anti-parallel
arrangement and cause some subtraction of the overall magnetic moment. However, their
magnetic responses are still high and similar to the magnetic response of ferromagnetism

(Figure 1.2¢). Antiferromagnetic materials, such as hematite (a-Fe;03) and
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chromium, 'possess atoms with unpaired electrons, and these unpaired electron are all

coupled in anti-parallel arrangements, resulting in no net magnetic moment.
Conventionally, magnetic materials in general terms mean the materials with a

permanent magnetic moment. For this reason, only ferromagnetic and ferrimagnetic

materials are referred to as magnetic materials.

1.2 Magnetic nanoparticles and superparamagnetic properties

When these ferromagnetic and ferrimagnetic materials become nanoparticles,
ranging in size from a few nanometers to tens of nanometers, special magnetic behaviors
are observed. Sufficiently small magnetic nanoparticles (MPs) in this size regime exist as
single-domain magnets,4 in which each MP has a constant magnetic moment, which can
be reoriented in an applied field.

However, with a little thermal energy from a low temperature, the orientational
stability of the magnetic moment in these small MPs begins to be perturbed. With this
thermal energy, the magnetic moment of each MP can constantly switch its orientation
and balance out. As a result, on the macroscopic scale, there is no net magnetization of
the MPs observed in absence of applied magnetic fields.> Therefore, in the absence of a
magnetic field, paramagnetic-like characters are observed for the MPs. The interesting
character of these materials on the nanoscale is that in the presence of an applied
magnetic field, the MPs are readily and strongly attracted to the magnetic field because of
the reorientation of each MP. The behavior of switching between paramagnetic-like in
the absence of an applied magnetic field and ferromagnetic in the presence of a magnetic
field of the MPs is called superparamagnetism.z’ 43 Superparamagnetic response to an
external field is shown in Figure 1.3b in comparison with paramagnetic (Figure 1.3a) and
ferromagnetic (Figure 1.3c) responses. Another magnetic response of the
superparamagnetic material observed in Figure 1.3 is that there is no hysteresis loop in
Figure 1.3b.This response indicates that after removal of an applied magnetic field, there

is no net magnetization, and the MPs switch back to the paramagnetic-like behavior.”
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Figure 1.3 Magnetic responses of (a) paramagnetic, (b) superparamagnetic and

(c) ferromagnetic materials to an external magnetic field.

As mentioned above, this superparamagnetic character come from the fact that a
magnetic moment of each MP can be readily flipped to the opposite direction at a certain
temperature so that the thermal energy is enough to overcome an energy barrier. This
energy barrier, which comes from the magnetocrystalline and shape anisotropy of the
materials,” is directly proportional to the volume of the particles. In large ferromagnetic
particles, the change in the magnetic moment direction cannot take place as thermal
energy is lower than the energy barrier. In contrast, in nanoparticles with small volumes,
this energy is so small that the thermal energy from the environment can cause the rapid
flipping back and forth of the magnetic moment, leading to superparamagnetism.

The temperature at which the thermal energy overcomes the energy barrier is
called the blocking temperature (75).* The blocking temperature is also identified by the
temperature at which the transition from ferromagnetic at a low temperature to
superparamagnetic at a high temperature takes place. As implied above, Tpincreases
directly proportional to the volume of the particle. Small superparamagnetic MPs with
low T are much less susceptible to aggregation than larger ones. The Tz of MPs can be
measured by the zero field-cooled experiment, in which changes of the magnetic moment
of the particles at very low magnetic field from a very low temperature to a high
temperature were measured. This zero field-cooled experiment is discussed in more detail

in Chapters 2 and 3.
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1.3 Biological applications of magnetic nanoparticles

The superparamagnetic character of the magnetic nanoparticles leads to their
applications in biological systems. Superparamagnetic MPs can be colloidally stable as
there is no net magnetic moment and magnetic coupling between particles.5 At the same
time, the intrinsic ferromagnetic character of the materials leads to the high magnetic
moment of these nanoparticles. These colloidal MPs are expected to generate a magnetic
field and be readily attracted to an external magnetic field when applied in biological
systems, resulting in various applications.

The sizes of the MPs also make them suitable for biological applications. The
MPs are smaller than cells, which are normally 10-100 microns, and can possibly enter
into these biological systems.zMoreover, the sizes of the MPs are in the same size range
of biomolecules such as proteins (5-50 nm) and genes (2 nm wide and 10-100 nm long).2
The comparable sizes of MPs and these biomolecules reduce steric hindrance for the
interaction or conjugation between the MPs and these biological entities.

Because of the properties mentioned above, the MPs have been used for various

biological applications.” >’ Three main applications are discussed below.

1.3.1 Magnetic attraction

There are many biological applications that use the properties of high magnetic
moment yet colloidal behavior of the superparamagnetic MPs. In these applications, MPs
are in different structures including in the form of individual MPs and in the form of
magnetic microspheres synthesized using incorporation of MP into microspheres of
micron sizes. These MPs are conjugated to proteins and other bio-molecules, and the
conjugates are directed to specific sites by means of their strong magnetic attraction to
the magnetic field. The biological applications using this mechanism include magnetic
separation, drug targeting, and magnetofection.> >’

In magnetic separation, the bio-molecules are separated from their environment
by a two-step process.” "’ First, the molecules of interest are tagged by the MPs through
specific interactions. Then, an external magnetic field is applied to separate out the MPs

along with the molecules. This process can be useful in concentrating the samples of

proteins and bio-molecules for further analysis and other uses.
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Targeted drug deliveries are applications that use the MPs as drug carriersor
include MPs in the drug carrier systems.’ The superparamagnetic carriers loaded with
drugs are then targeted to specific organs or tissues using a guide from an external
magnetic field. Applying the MPs to the drug carrier systems results in more site-specific
delivery of drug and reduces the side effects of certain medicines.

Magnetofection is a technique invented and named by Plank andBergemann.®
This technique is used to enhance the yield of the transfection process. This process is
done by attaching nucleic acids to the MPs, and it uses an applied magnetic field to

locally concentrate the MPs as well as the attached nucleic acid around the cells.

1.3.2 Hyperthermia

Hyperthermia treatment is one of approaches in treating cancerous tissues.
Increase of local temperature to 41°C to 46°C can stimulate the immune response to
cancer in non-specific immunotherapy, and in the temperature range of 46°C up to 56°C,
thermoablation takes place and tumors are destroyed.'°

Heating of the local environment using superparamagnetic MPs is a well-
established approach. The heating process is done by induction of superparamagnetic
MPs using an alternating current (AC) magnetic field. In this mechanism, the heat comes
from the relaxation of the particle moment to its equilibrium orientation (Néel relaxation)
and the rotation of magnetic particles within a carrier liquid (brown relaxation).'”

In the process for hyperthermia treatment of cancer, the MPs are injected into
bodies and led or targeted to accumulate at the tumors. Upon application of the alternate
magnetic field to the superparamagnetic MPs, heat is dissipated due to the relaxation

processes mentioned above. Local heat is then enough to destroy the tumors.

1.3.3 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a useful technique in the visualization of
deep tissue and sensitive organs. MRI operates with the same principle as in nuclear
magnetic resonance (NMR) spectroscopy. In these experiments, a magnetic field By is
applied to excited protons in molecules of interest; in the case of MRI, the protons are

mostly from water and fat in bodies. The protons will align their magnetic moment along
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the By. For MRI, another magnetic field perpendicular to By is then applied to the system
and the protons are resonantly excited to the excited state, or they align perpendicular to
By. After removal of the second magnetic field, the protons relax back to the lower
energy state. The relaxation is divided into two components. The moments along the z
axis or along By relax through longitudinal relaxation or spin-lattice relaxation. The
relaxation time is called T1 relaxation. The magnetic moment along the xy plane will
relax as transverse relaxation, which is spin-spin relaxation or outer sphere relaxation.
The relaxation time for the transverse relaxation is termed T2. The T2 relaxation comes
from the loss of magnetic field homogeneity around the protons.

In the presence of superparamagnetic MPs around the protons, the magnetic field
from the MPs strongly affects the homogeneity of the magnetic field around the
protons.As a result, the T2 in presence of superparamagnetic MPs (T2*) is significantly
shorter than the T2 in the absence of these MPs. Since MR images are based on signals
from protons, in the presence of superparamagnetic MPs, the proton signals are fewer and
darker images are obtained.

For these reasons, superparamagnetic MPs can act as T2 contrast agents to
enhance the different between protons that are around and affected by the magnetic field
fluctuation from the MPs and the protons further away. Areas of the protons close to the
MPs appear darker than the protons from the areas inaccessible by the MPs in the MR
images.”

The abilities of the MPs to act as good contrast agents are compared by their T2
relaxivity (R2), which is calculated from the inversion of T2 per mol of iron in the
sample. The higher the R2, the shorter the T2 of the protons obtained. The MPs with high

R2 value are considered good T2 contrast agents.

1.4 Semiconductor quantum dots and their biological applications

Semiconductor nanocrystals or quantum dots (QDs) are used as fluorophores in
this thesis. These semiconductors are so small that the valence band and conduction band
are not fully formed as in the bulk semiconductors. Instead, the electron transition energy
levels of these QDs consist of a series of discrete states similar to that of atoms.

Absorption and emission wavelengths of the QDs can be controlled by their size. Increase
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in the size of QDs results in decrease of band gap energy, and emission and absorption
peaks shift to the red. As examples in Figure 1.4, CdSe/CdZnS core/shell QDs with green
emission (Figure 1.4a) are smaller than the QDs with emission in red (Figure 1.4b).

In comparison to organic fluorescent dyes, QDs are better fluorophores in terms
of high photostability toward photo bleaching, continuous absorption spectra, and large
two-photon absorption cross-sections for two-photon microscopy. Moreover, QDs can
give narrow emission bandwidths and their emissions can be tuned by controlling the size
of the QDs. The properties of continuous absorption spectra and narrow and tunable

emissions are shown in Figures 1.4¢ and d.
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Figure 1.4 (a-b) TEM images of CdSe/CdZnS QDs with green (a) and red (b)

emission, (c-d) absorption and emission spectra of the QDs above.

The QDs used in this thesis are mainly CdSe/CdZnS core/shell QDs. These QDs
were prepared by a two-step procedure developed in our group.12 The CdSe cores were
prepared by injection of cadmium and selenium precursors in a high temperature solution

of coordinating solvents of trioctylphosphine (TOP), trioctylphosphine oxide (TOPO),
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and hexadecylamide (HDA). The CdSe cores were overcoated with a CdZnS shell to
ensure the photostability. In order to use these hydrophobic QDs, surface modificationsof
different procedures were employed. These surface modifications will be discussed in the
following chapters.

QDs have been used in many applications in biological systems. These

13,14 13.16 and sensing

applications include multiplex imaging, cell targeting and labeling,
through fluorescent resonance energy transfer (FRET).]7 More biological applications of

the QDs are under development.

1.5 Thesis Overview

In this thesis, superparamagnetic nanoparticles of iron oxides-based arethe main
focus. Syntheses and characterizations of the iron oxides MPs and other magnetic
nanoparticles are discussed in Chapter 2. Iron oxides MPs of high crystallinity, high
magnetization and narrow size distribution were synthesized with hydrophobic oleic acid
as their native ligand. Surface modifications of these MPs were studied for transforming
these MPs into useful materials for biological applications. The subsequent chapters
discuss various procedures of surface modifications.

Chapter 3 discusses the modification of MPs with alkoxysilane groups and their
incorporation into silica micropsheres along with QDs. The resulted silica microspheres
incorporating MPs and QDs are multi-functional materials as they are superparamagnetic,
fluorescent materials with active surface for further functionalization. The demonstrations
for potential applications of these microspheres are also discussed.

Chapter 4 discusses the modification of MPs using a reverse-micro-emulsion
process in order to coat them with a silica shell. The silica-coated MPs are transferrable
into more hydrophilic and water-based solvent systems. They are also studied as a
building block for more complex nanostructures comprising MPs, QDs, and silica, which
are similar in function to the microspheres in Chapter 2 but smaller in the size range.

Chapters 5 and 6 focus on surface modifications of MPs for transferring the MPs
into water-based solutions. The amphiphilic polymer discussed in Chapter 5 modifies the
MPs surface by forming micellar structures on the MPs. Chapter 6 discusses the

application of water-soluble catechol derivatives directly onto the MPs by means of
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replacing the native oleic acid ligand. The water-soluble MPs from surface modifications
discussed in these chapters are small in their hydrodynamic size and possess functional
groups for further conjugations.

Chapter 7 studies conjugation chemistries of the functional hydrophilic MPs from
Chapters 5 and 6. One goal of these studies is to conjugate MPs with QDs through
chemical bonding and aim at forming nanostructures comprising MPs and QDs. These
nanostructures are proposed to be the smallest possible systems that can function as both
superparamagnetic and fluorescent materials.

From these surface modifications, MPs, nanostructures, and microspheres with
different functionality were obtained. These materials are suitable tools for many
applications in biological systems. We hope that the advent of these materials can take
part in finding some answers to prevention and treatment of diseases and better

understanding some biological systems.

1.6 References

1. Klabunde, K. J., Nanoscale Materials in Chemistry. John Wiley & Sons, Inc.: 2001.

2. Pankhurst, Q. A.; Connolly, J.; Jones, S. K.; Dobson, J., Applications of magnetic
nanoparticles in biomedicine. Journal of Physics D-Applied Physics 2003, 36, (13),
R167-R18]1.

3. Jun, Y. W,; Seo, J. W.; Cheon, A., Nanoscaling laws of magnetic nanoparticles and
their applicabilities in biomedical sciences. Accounts of Chemical Research 2008, 41, (2),
179-189.

4. Krishnan, K. M.; Pakhomov, A. B.; Bao, Y.; Blomqvist, P.; Chun, Y.; Gonzales, M.;
Griffin, K.; Ji, X.; Roberts, B. K., Nanomagnetism and spin electronics: materials,
microstructure and novel properties. Journal of Materials Science 2006, 41, (3), 793-815.

5. Berry, C. C,; Curtis, A. S. G., Functionalisation of magnetic nanoparticles for
applications in biomedicine. Journal of Physics D-Applied Physics 2003, 36, (13), R198-
R206.

6. Tartaj, P.; Morales, M. D.; Veintemillas-Verdaguer, S.; Gonzalez-Carreno, T.; Serna,
C. J., The preparation of magnetic nanoparticles for applications in biomedicine. Journal

of Physics D-Applied Physics 2003, 36, (13), R182-R197.

7. Safarik, L.; Safarikova, M., Magnetic nanoparticles and biosciences. Monatshefte Fur
Chemie 2002, 133, (6), 737-759.

26



8. Scherer, F.; Anton, M.; Schillinger, U.; Henkel, J.; Bergemann, C.; Kruger, A.;
Gansbacher, B.; Plank, C., Magnetofection: enhancing and targeting gene delivery by
magnetic force in vitro and in vivo. Gene Therapy 2002, 9, (2), 102-109.

9. Corchero, J.; Villaverde, A., Biomedical applications of distally controlled magnetic
nanoparticles. Trends in Biotechnology 2009, 27, (8), 468-476.

10. Mornet, S.; Vasseur, S.; Grasset, F.; Duguet, E., Magnetic nanoparticle design for
medical diagnosis and therapy. Journal of Materials Chemistry 2004, 14, (14), 2161-
2175.

11. Weinstein, J. S.; Varallyay, C. G.; Dosa, E.; Gahramanov, S.; Hamilton, B.; Rooney,
W. D.; Muldoon, L. L.; Neuwelt, E. A., Superparamagnetic iron oxide nanoparticles:
diagnostic magnetic resonance imaging and potential therapeutic applications in
neurooncology and central nervous system inflammatory pathologies, a review. Journal
of Cerebral Blood Flow and Metabolism 30, (1), 15-35.

12. Fisher, B. R.; Eisler, H. J.; Stott, N. E.; Bawendi, M. G., Emission intensity
dependence and single-exponential behavior in single colloidal quantum dot fluorescence
lifetimes. Journal of Physical Chemistry B 2004, 108, (1), 143-148.

13. Han, M. Y.; Gao, X. H.; Su, J. Z.; Nie, S., Quantum-dot-tagged microbeads for
multiplexed optical coding of biomolecules. Nature Biotechnology 2001, 19, (7), 631-
635.

14. Chan, Y.; Zimmer, J. P.; Stroh, M.; Steckel, J. S.; Jain, R. K.; Bawendi, M. G.,
Incorporation of luminescent nanocrystals into monodisperse core-shell silica
microspheres. Advanced Materials 2004, 16, (23-24), 2092-+.

15. Liu, W.; Howarth, M.; Greytak, A. B.; Zheng, Y.; Nocera, D. G.; Ting, A. Y.;
Bawendi, M. G., Compact biocompatible quantum dots functionalized for cellular
imaging. Journal of the American Chemical Society 2008, 130, (4), 1274-1284.

16. Howarth, M.; Liu, W. H.; Puthenveetil, S.; Zheng, Y.; Marshall, L. F.; Schmidt, M.
M.; Wittrup, K. D.; Bawendi, M. G.; Ting, A. Y., Monovalent, reduced-size quantum
dots for imaging receptors on living cells. Nature Methods 2008, 5, (5), 397-399.

17. Snee, P. T.; Somers, R. C.; Nair, G.; Zimmer, J. P.; Bawendi, M. G.; Nocera, D. G.,

A ratiometric CdSe/ZnS nanocrystal pH sensor. Journal of the American Chemical
Society 2006, 128, (41), 13320-13321.

27



28



Chapter 2
Magnetic Nanoparticles:

Synthesis and Characterization

2.1 Introduction

Magnetic nanoparticles (MPs) are useful in a variety of applications, and there are
many procedures to prepare them based on the quality and quantity needed for each
application." *For large quantity production, the mechanical processes3’ 4 might be the
most suitable method for preparation of MPs. However, in terms of quality, this “top-
down” process for making MPs normally yields particles of large size distribution.>*
Syntheses of magnetic nanoparticles in the gas phase such as spray pyrolysis usually
yield particles of irregular size distribution.’

Chemical syntheses or “bottom-up” processes in general yield MPs of higher
quality, smaller size, and narrow size distribution of the MPs.! However, there are some
variations in the chemical synthesis between the process in water-based solution and the
one in high-boiling-point solvent. The MPs formed in water-based syntheses are usually
lower in crystallinity and broader in size distribution as the nucleation and crystallization
were performed at low temperature." ® For this chapter, the procedures used for
synthesizing the MPs are based on the solvothermal process, which is known for yielding
MPs of high crystallinity, high magnetization, and narrow size distribution."’ Discussion
of the synthesis of iron oxides MPs and MPs of other materials occurs in the following

sections.

2.2 Iron oxides nanoparticles

As mentioned in Chapter 1, iron oxides MPs are some of the most interesting
magnetic nanoparticles for biological applications. One of the reasons why iron oxides
are preferable is the known biocompatibility of the use of iron oxides. Iron is less harmful
compared to other metals, and the mechanisms by which the body excretes the excess
iron are well studied.®

Among the six known structures of iron oxides, magnetite (Fe3;04) and maghemite

(v-Fe;03) are the more useful iron oxides for biological applications as both of them are
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ferrimagnetic materials and become superparamagnetic when they are in nanoparticle
forms.” Both magnetite and maghemite are similar in their crystal structures. The
structure of magnetite is an inverse spinel while maghemite is a defect spinel.” Also, in
term of magnetization, magnetite is a little higher in magnetization, but the fully oxidized
maghemite is superior in terms of stability toward oxidization.

Maghemite and its partially reduced counterpart magnetite, Fe;04, have been
prepared with various methods, including solution and aerosol methods. Solution
methods include coprecipitation of ferrous and ferric ion from basic solution,'® the so-
called “polyol process,”" and high temperature decomposition of an organometallic
precursor.' An aerosol process is the rapid and high throughput production of MPs by
spray pyrolysis.' The size distribution of MPs obtained from solution processes is
generally more monodispersed than that obtained through an aerosol method; therefore
the former methods are preferred for biological applications. Hence, this work employs a

solution approach in order to prepare monodispersed iron oxides MPs.

2.2.1 Synthesis and characterization of iron oxides nanoparticles

As mentioned earlier for the syntheses of magnetic nanoparticles, a method of
high-temperature decomposition of organometallic precursors was used. This method was
reported to yield a narrow size distribution and good crystallinity, with less aggregation
of MPs than achieved with an aqueous route. Pentacarbonyliron(0) is widely used as an
iron precursor in the presence of surfactants such as oleic acid or stearic acid.'" > With
this method, monodisperse MPs 3 to 25 nm in diameter can be produced.

MPs were synthesized by a two-step process modified from the literature.” ' 1?
First, Fe(CO)s was slowly heated to 275°C in dioctylether in the presence of oleic acid in
an inert atmosphere, leading to the decomposition of Fe(CO)s, andnucleation and growth
of low-crystallinity nanoparticles composed ofiron nanoparticles. These Fe nanoparticles
were readily oxidizedwhen exposed to air. Wiistite (FeO) and maghemite phases were
usually detected when the nanoparticles at this step were taken out of the air-free
condition. Next, the nanoparticles were fully oxidized using a mild oxidizing agent,
trimethylamine N-oxide, yielding MPs. The scheme for this process is shown in Figure

2.1.

30



N-octylether, Trimelhy'lamine
Oleic acid Fe N-oxide
Fe(CO)s Nanoparticles '
g ; d
N\ N\ [ | Trimethylamine
W\ Vi \ N-oxide
‘.}.. H y, 1 A\
"
; ‘*,":-,‘Al' ‘\ ¥
g y-Fe,0;
ﬂ Nanoparticles
1

i

St |

Figure 2.1 Reaction scheme for the synthesis of the iron oxide MPs.

Detailed experiments:

The y-Fe;O3 or maghemite magnetic nanoparticles (MPs) were prepared using a
method modified from the literature.” '"-'> This modified process was published in
print.’For example, in the synthesis of 7-nm MPs, in an inert atmosphere, 400 pL of
Fe(CO)s were injected into a solution of 2 mL of oleic acid in 20 mL of dioctyl ether at
100 °C. While the solution was stirred, the temperature of the reaction mixture was
increased at a rate of 2 °C per minute to a final temperature of 275 °C, at which it was
held constant for 1.5 hours. At this temperature, the size of the MPs can be increased by
increasing the refluxing time. After the solution was cooled to room temperature, the
intermediate nanoparticles were oxidized upon addition of 0.30 g of (CH3);NO. The
reaction mixture was heated to 130 °C for two hours and was then quickly heated to 275
°C stirred at this temperature for 15 minutes. After cooling, the MPs were separated from
the reaction mixture by adding ethanol to precipitate them. Afier centrifuging, the
supernatant,comprising excess oleic acid and octylether, was discarded; the MPs were
then redispersed and kept in hexanes. The 7-nm MPs from this procedure were imaged
using Transmission Electron Microscopy (TEM) as shown in Figure 2.1. All the
chemicals in this process were purchased from Sigma-Aldrich and used without further

purification.
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The MP particle size was varied by varying the molar ratio of Fe(CO)s to oleic
acid and the duration of heating at 275 °C prior to addition of (CH3);NO. For example,
when the growth time was varied, the size of the MPs could be tuned from 5-18 nm in

diameter, as shown in Figure 2.2,

Figure 2.2 TEM images of MPs of different sizes as controlled by reaction time
(a) 60 min, (b) 120 min, (c) 180 min.
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In order to identify the structure of the MPs synthesized from this process, X-ray
diffraction (XRD) analysis and X-ray photoelectron spectroscopy (XPS) were employed.
The XRD pattern of a sample of MPs is shown in Figure 2.3.
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Figure 2.3 XRD patterns of the as-synthesized MPs compared to (a) magnetite
(PDF# PDF#00-019-0629) and (b) maghemite (PDF#00-039-1346).
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The XRD pattern of the resulted MPs indicated that the crystalline phases of the
nanoparticles are observed. As seen from the XRD pattern, most of the peaks of the MPs
are closed to the patterns of both magnetite (Figure 2.3a) and maghemite (Figure 2.3b)
phases. As mentioned earlier with regard to the similarity in the structures of maghemite
and magnetite, the XRD patterns of maghemite and magnetite are too close to be
distinguished, especially when the patterns are broad. XRD cannot exactly indentify the
phase of iron oxides of these MPs. From viewing the XRD pattern, it can be concluded
only that the MPs are crystalline and can be either maghemite or magnetite.

In order to indentify the phase of MPs more specifically, an X-ray photoelectron
spectroscope was used. In this technique, core electrons of atoms are excited by x-ray and
simultaneously the binding energy and number of excited electrons are measured. Core
electron lines of ferrous and ferric ions can be detected and distinguished from each
other. In this case, the responsive core electrons are Fe 2p electrons. The XPS spectra of a
representative sample of MPs are shown in Figure 2.4a in comparison with XPS spectra
of standard maghemite and magnetite previously reported, as shown in Figure 2.4b.’

The binding energy of 710 eV from Fe 2ps, and 723 eV from Fe 2p;,; observed
from the XPS spectra of the MPs are close to that reported for the maghemite phase.
Moreover, the shoulder between these two peaks was reported to be a characteristic
feature observed in maghemite. Both the position and shape of the XPS spectra of the
MPs matched better with that of maghemite than magnetite. Therefore, it can be
concluded that the main phase of iron oxide synthesized using the discussed procedure is

maghemite, or y-Fe,0s.
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Figure 2.4 XPS spectra for Fe 2p of the as-synthesized MPs (a) compared to

previously reported XPS spectra of magnetite and maghemite.’

2.2.2 Magnetic properties of iron oxide nanoparticles

The magnetic properties of the MPs were studied using a superconducting
quantum interference device (SQUID, Quantum Design MPMS-58S). In these
measurement, MPs were dispersed in poly(laurylmethacrylate) cross-linked with
ethyleneglycol dimethacrylate polymer in order to avoid dipolar coupling between MPs
and facilitate the handling of samples.'* There are two magnetic characters that were

measured by SQUID, saturation magnetization and the blocking temperature of the MPs.
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The saturation magnetization of the MPs was measured at 5K as shown by a plot
of magnetization versus magnetic field in Figure 2.5. The saturation magnetization of
these 7-nm MPs is ~87 emu/g of Fe, which is lower than that reported for bulk
maghemite.'> The lower values in the magnetization of the nanoparticles are mainly due
to size'® and ligand effects'” when the materials reach nanometer-size range. However,
this value of saturation is on the high side when compared to MPs synthesizing with other
methods.'® This high value of magnetization resulted from the high crystallinity of the
MPs obtained.
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Figure 2.5 Saturation magnetization of the iron oxide MPs.

From the shape of the hysteresis loop of the MPs in Figure 2.5, it was observed
that the MPs were still ferrimagnetic at 5K. As mentioned in Chapter 1, one character of
superparamagnetism is that there is no coercivity when the magnetic field is switched and
hysteresis should be observed. The MPs become superparamagnetic above the blocking
temperature, which depends on the size of the MPs.

The blocking temperature (Tg) of 7-13-nm MPs can be determined by measuring
the temperature-dependent magnetization in a small field after a sample is cooled down

in a zero field to low temperature (as in zero-field-cooled, or ZFC, experiment). In this
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experiment, the highest magnetization occurs at the Tg, at which the MP sample changes
from ferromagnetic to superparamagnetic. As shown in Figure 2.6, ZFC experiments
revealed that MPs of this size range are superparamagnetic at room temperature, and the
blocking temperature (Tg) increases with the size of the MPs. Moreover, if we
extrapolate the data in Figure 2.6, the largest size of the MPs that can still exhibit
superparamagnetism at room temperature is around 30 nm. Therefore, for most of

applications in biological systems, the MPs used should be smaller than 30 nm.
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Figure 2.6 Zero-field-cooled magnetization versus temperature measured in a
100 Oe field of MPs with different sizes.

On the macroscopic scale, the magnetic response of the MPs dispersed in hexane
also exhibits superparamagnetic behavior. The demonstration of their
superparamagnetism was performed using an application of a permanent magnet with
strong magnetic field to the MP dispersion as shown in Figure 2.7. In the absence of an
external magnetic field, MPs in their superparamagnetic states have no net magnetic
moment and can freely disperse in hexane without magnetic coupling to and aggregation

with each other. As shown in Figure 2.7a. When a magnet approached, the magnetic
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moment of each nanoparticle was readily aligned and the MPs were readily attracted to
the magnetic field as shown in Figure 2.7b. This strong attraction originates from the
intrinsic ferromagnetic property of the MPs. After the magnet was removed, the MPs
readily re-dispersed and behaved as if they were paramagnetic materials again.

From these syntheses and characterization of the iron oxide MPs, these MPs
appear to be of high quality and superparamagnetic character. With these properties, the

MPs from this procedure are suitable for various applications.
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Figure 2.7 Photographs of the macroscopic response of the MPs in presence (b)
and absence (a) of external magnetic field, and (¢) when the MPs re-dispersed

after removal of the magnet.
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2.3 Other magnetic nanoparticles

Other than iron oxides, other magnetic materials were synthesized and
characterized. This section discusses manganese ferrite, cobalt ferrite, and iron-platinum
alloy nanoparticles. The chemical and magnetic properties of these nanoparticles differ
from those of iron oxides and are possibly more suitable for some applications than the

iron oxide MPs.

2.3.1 Manganese ferrite

The interest in manganese ferrite (MnFe,Oj, in the ideal case) nanoparticles came
from the calculation made using bulk materials that these materials are some ten percent
higher in their magnetization than iron oxides.'® Therefore, these MPs should be stronger
in magnetic attraction and higher in their T2 relaxivity. In the case of in vivo
applications, a lower dose of MPs can be used while the same results can be obtained,
which is very beneficial. For these reasons, attempts to synthesize manganese ferrite MPs
were pursued.

Manganese ferrite MPs were synthesized with two different approaches modified
from previously reported procedures.zo’ 2! Reaction schemes for both approaches are
shown in Figure 2.8. For the first approach, manganese ferrite MPs were prepared from
decomposition of Fe(CO)s and Mn,(CO),¢ in presence of oleic acid in octylether.m In the
second approach, manganese ferrite MPs were synthesized from iron acetylacetonate
(Fe(acac);) and manganese acetylaceonate (Mn(acac),) using oleic acid and oleylamine
as co-surfactants in benzyl ether.! TEM images of the manganese ferrite MPs from both

approaches are shown in Figure 2.9a and 2.9b.

40



N-octylether, Tnimethylamine
@ 2Fe(CO)s + Oleic acid Mn-Fe N-oxide
Mn,(CO)yq Nanoparticles
Manganese Ferrite
Nanoparticles
Benzyi ether
Olecic acid,
[E 2 Fe(acac); + Oleylamine
Mn(acac), * -

Figure 2.8 Two reaction schemes for preparation of manganese ferrite

nanoparticles.

Manganese ferrite MPs from the two approaches differ in their size distributions
and chemical compositions. The TEM images indicate that controlling of the size of the
MPs using the first approach is better as the resulting MPs were more monodispersed
(Figure 2.9a).The chemical compositions of the MPs also differ from the ideal MnFe,O,.
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) elemental analysis
indicates that the molar ratio of Mn:Fe is 1:2.6 in the MPs from the first approach and
1:4.6 in the MPs from the second approach. Moreover, from characterization using the
SQUID magnetometer, the saturation magnetization of both manganese ferrite MPs is
lower than expected and lower than the iron oxide MPs synthesized using the method
discussed in the previous section.

The difficulty in controlling the manganese-to-iron ratio prevented this type of
MPs from being useful at the moment. Reproducibility of composition ratio needs to be
maintained as the magnetization depends on this factor. However, with the possibility of
high magnetization, manganese ferrite MPs could find their way into biological

applications.
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Figure 2.9 TEM images of manganese ferrite nanoparticles of two different
reactions: (a) nanoparticles from carbonyl complex precursors and (b)

nanoparticles from acetylacetonate salt precursors.

2.3.2 Cobalt ferrite nanoparticles

Cobalt ferrite is another ferrimagnetic material that could be useful for some
applications. Even though the saturation magnetization of cobalt ferrite is calculated to be
lower than that of magnetite and manganese ferrite,'” the high coercivity of this material
can be more useful in some applications. The synthesis and magnetic character of cobalt
ferrite MPs are discussed below.

Synthesis of cobalt ferrite nanoparticles was performed by the process reported
previously by Sun et al.Z In this process, Co(acac); and Fe(acac); in a 1:2 molar ratio

were used as starting materials. Oleic acid and oleylamine were used as surfactants, and
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benzyl ether was a solvent. TEM image of the resulted cobalt ferrite nanoparticles are

shown in Figure 2.10.

Figure 2.10 TEM image of cobalt ferrite nanoparticles

The magnetic properties of the resulting cobalt ferrite nanoparticles were studied
by using a SQUID magnetometer. Changes of magnetizations in different magnetic field
of the cobalt ferrite nanoparticles at 5K are shown in comparison with those of the iron
oxide MPs discussed in an earlier section in Figure 2.11. From Figure 2.11, it can be
observed that the saturation magnetization of this sample of cobalt ferrite nanoparticles
was some twenty percent lower than that of iron oxide MPs. More interestingly,
significantly high coercivity of cobalt ferrite nanoparticles was observed from their
hysteresis loop. This large hysteresis loop is due to the higher magnetocrystalline
anisotropy of cobalt ferrite nanoparticles compared to iron oxide MPs. This large
hysteresis loop feature of the cobalt ferrite nanoparticles can be useful when these
particles are applied in such biological applications as magnetically-induced
hyperthermia for cancer treatment.? In those applications, heat that dissipates from the
hysteresis loss of cobalt ferrite nanoparticles is proposed to be higher than that of other

MPs discussed earlier.

43



o

1
A-_q‘_*

S

Magnetiztion (A.U.)

Field (Oe)

Figure 2.11 Saturation magnetization of the cobalt ferrite nanoparticles (blue

line) compared to that of iron oxide MPs (red line).

Cobalt ferrite nanoparticles synthesized using this procedure are potentially useful
in some applications even though their magnetization is lower than the other ferrite MPs
discussed earlier. However, certain surface modifications needed to be studied to transfer

these hydrophobic cobalt ferrite nanoparticles into biological environments.

2.3.3 Iron Platinum Alloy Nanoparticles

Iron platinum alloy (FePt) nanoparticles are another class of magnetic materials
that can be synthesized in the nanoparticle-size range. Depending on the ratio of the
alloy, the magnetization of FePt nanoparticles can be high and stable.”*Synthesis of FePt
nanoparticles was done following the previously reported procedure by Chen et al** In
this procedure, FePt nanoparticles were synthesized using Fe(CO)s and Pt(acac); as

starting materials. The same molar ratio of oleic acid and oleylamine was used as
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surfactants and benzyl ether was used as a solvent. The resulting FePt naoparticles were

imaged by TEM as shown in Figure 2.12.

Figure 2.12 TEM image of iron platinum alloy nanoparticles.

These FePt nanoparticles are of our interest because their surface chemistry is
different of those oxides MPs discussed earlier. Platinum on their surface is likely active
to different ligand systems from other MPs and could be useful for some surface
modification technique. The surface modification of the FePt nanoparticles is of interest

but beyond the scope of this thesis.

2.4 Conclusion

This chapter discusses the syntheses of magnetic nanoparticles of different
chemical composition. Each magnetic nanoparticle has its unique properties and could be
suitable for different applications. However, given that this work aims at biological
applications, iron oxides MPs are the most suitable as they have fewer toxicity concerns
compared to cobalt and manganese ferrites. Therefore, the rest of this thesis focuses

mainly on the surface modifications and reactions of the iron oxide MPs.
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Iron oxide MPs of high crystallinity, high magnetization, controllable size, and
narrow size distribution were synthesized using the procedure discussed earlier. These
properties of the MPs are suitable and can be made as useful tools in various biological
applications. However, the MPs synthesized using this method are hydrophobic as they
have oleic acid as their native ligands. In order for these MPs to be transferrable into
biological systems and become useful for biological applications, certain surface
modifications need to be performed.

The following chapters discuss different processes of surface modifications on the
MPs. Chapter 3 discusses the modification of MPs for incorporation into silica
microspheres along with quantum dots (QDs) for making silica microspheres with
superparamagnetic and fluorescent properties. Surface modification of MPs using a silica
coating process is the main focus for Chapter 4. Chapters 5 and 6 cover the surface
modifications of MPs with amphiphilic polymers and catechol derivative surfactants,
respectively, in order to become water dispersible, stable in physiological environment,
small in hydrodynamic size, and functional for biological applications. The last chapter

discusses studies of QDs-conjugation chemistries of MPs with functionalized surfaces.
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Chapter 3
Surface Modification of Iron Oxide Nanoparticles with Silanes:

Formation of Magnetic and Fluorescent Silica Microspheres*

3.1 Introduction

Iron oxide magnetic nanoparticles (MPs), which were synthesized and discussed
in Chapter 2, can be very useful materials after certain surface modifications are
performed. The first surface modification of these hydrophobic iron oxide MPs occurs to
make the surface of the MPs suitable for reaction with silica precursors. The goal of this
process of surface modifications is to make magnetic silica microspheres containing MPs
and semiconducting quantum dots (QDs).

Magnetic silica microspheres gain many interest in biomedical and environmental
research applications.' Applications of these magnetic microspheres include bio-
separation, drug targeting, cell isolation, enzyme immobilization, protein purification,
and wastewater treatment.>* Among the various types of matrices for the magnetic
microspheres, silica microspheres have superior properties in that they have high stability
and biocompatibility.” > ® Moreover, silica microspheres can be readily modified using
commercially available silane coupling reagents, yielding microspheres of a wide range
of functional groups.® For these reasons, magnetic silica microspheres have been widely
synthesized by many techniques, such as layer-by-layer self-assembly,2 the Stober
process,’ ferrite plating,® aerosol pyrolysis,” and sonochemical deposition.'°

Incorporating MPs along with chromophores enables additional applications for
silica microspheres. These fluorescent and superparamagnetic microspheres can be
moved with an external magnetic field while monitoring their real-time movement
through their fluorescence.'" '? Fluorescent and magnetic microspheres have been
previously fabricated by combining magnetic nanoparticles with organic dyes or
lanthanide metal complexes.'" 12 Advantages of using QD as fluorophores, as mentioned
earlier in Chapter 1, are their continuous adsorption spectra, narrow emission bandwidths,

and large two photon absorption cross-section.*®

*Reproduced in part with permission from ACS Nano 2008, 2: 197-202.
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Due to the advantages of a system which combines a substantial magnetic
moment and luminescence, composite silica microspheres containing both MPs and QDs
have attracted great interest.>® ' ! Previous fabrication methods included the use of
MPs and QDs as cores followed by the growth of a silica shell,> '® and the inverse
suspension method.” However, most samples prepared using these methods were
polydisperse.> '® Moreover, the numbers of MPs and QDs in each particle within the
same sample were not uniform.> ' More recently, magnetic and fluorescent silica
microspheres were prepared by using silica-coated MPs as cores, followed by layer-by-
layer (LbL) assembly of polyelectrolyte and QDs onto the cores’ surfaces, which were
then coated with a final silica shell.'” However, the size-dispersity of the particles was not
characterized, and the MP content in each microsphere was limited and uncontrolled. In
addition, the technique of polyelectrolyte-assisted QD assembly limited the number of
QD:s adsorbed onto the cores’ surfaces to a monolayer. This technique also used QDs
with negatively-charged surfaces prepared with an aqueous method,'® which was known
to yield QDs with lower crystallinity, monodispersity, and fluorescence efficiency than
QDs prepared in non-aqueous coordinating solvents using the “hot-injection”
technique.'® "°

Here we report the synthesis of monodispersed silica microspheres with MPs and
QDs both uniformly incorporated, and we demonstrate their practical bifunctionality.
Potential applications of these microspheres include monitoring drug delivery and the
combination of deep-tissue MRI imaging with high-resolution confocal laser scanning

microscopy.

3.2 Synthesis of magnetic and fluorescent microspheres

Our approach is based on previous work in our group,'? in which QDs were
incorporated into silica shells grown on pre-made silica microsphere cores through a sol-
gel process. This fabrication method is advantageous because it maintains the
monodispersed microsphere size and QD optical properties, and it incorporates the
nanoparticles uniformly into the MS shell. We have modified the shell of the

microspheres to include not only QDs, but also MPs.

50



The synthesis of the MP- and QD-incorporated-silica micropsheres is divided into
two steps. The first step is surface modification of MPs and QDs to functionalize them
with methoxysilane groups and make them dispersible into ethanolto renderthem
compatible with the silica-shell-growing process. In the second step, MPs and QDs with
siliane-coupling active surfaces are incorporated simultaneously with growth of the silica

shells on microspheres. Details of each step are discussed in the following sections.

3.2.1 Surface modification of MPs and QDs

Surface modification of the nanoparticles is the most important step in the process
of making superparamagnetic and fluorescent microspheres. QDs and MPs must be
highly soluble in ethanol and also possess accessible alkoxysilane groups, which
polymerize with tetraethoxysilane (TEOS) to form the shell onto silica microspheres. The
surface modification scheme of the MPs is shown in Figure 3.1. Surface modification of
the QDs with triocylphosphine oxide (TOPO) on their surface was done following the
same scheme. In this process, the native hydrophobic surfactants of MPs and QDs were
replaced with two new surfacetants, 3-aminopropyl-trimethoxysilane (APS) and 5-amino-
1-pentanol (AP). APS gave the required alkoxysilane group while AP transferred the

nanoparticles into ethanol.
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Figure 3.1 Reaction scheme for the surface modification of the MPs.

Detailed experiments: Preparation of MP and QD stock solutions in ethanol

CdSe/ZnS and CdSe/CdZnS core/shell QDs were prepared in a two-step
synthesis, similar to our previous work. MPs were synthesized from high temperature
decomposition of ironpentacarbonyl in presence of oleic acid as discussed in Chapter 2.

The QD stock solution in ethanol was prepared using a previously reported
technique. In a typical procedure, as-synthesized QDs were precipitated twice with a
methanol/butanol mixture to remove their native trioctylphosphine oxide (TOPO) caps,
and were dried under vacuum. Next, 26 mg of dried QDs were mixed with 195 mg of
anhydrous ethanol, 29 mg of 3-aminopropyltrimethoxysilane (APS), and 54 mg of 5-
amino-1-pentanol (AP). The mixture was then heated to 40 °C for about 1 h, leading to
the formation of a clear solution of QDs.

The MP stock solution in ethanol was prepared by two slightly different
procedures. The first procedure was the same as the preparation of QD solution
mentioned above, with three times more AP added. The second procedure, more delicate

but yielding higher MP content, the MP stock solution in ethanol was prepared using
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addition of 12-hydroxydodecanoic acid, sonication, and syringe filtration. For example,
the MPs kept in hexanes were precipitated using ethanol to remove their native oleic acid
caps, and were then dried under vacuum. Then, 47 mg of dried MPs, 95 mg of 12-
hydroxydodecanoic acid, and 1.49 g of ethanol were sonicated for 1 h, yielding a clear
solution of MPs. 418 mg of AP and 772 mg of APS were then added to the MP solution,
and the mixture was heated to 40 °C for 1 h to ensure cap exchange with AP and APS.
The mixture was then filtered through a 20-um syringe filter, leading to a clear solution
of MPs.

3.2.2 Incorporation process

After MPs and QDs were surface modified and have suitable surface for silane
coupling reaction, the MP and QD incorporation process was done at the same time as
growing of'silica shell. The scheme for MP and QD incorporation process are shown in
Figure 3.2. In this process, the alkoxysilane groups on the nanoparticle surfaces and
tetraethoxysilane silica precursor were hydrolyzed upon addition of ammonium
hydroxide and water. Then, the silanol groups from both sources are co-condensation
resulting in the incorporation of the nanoparticle inside the silica matrix of the newly
grown shell. After this sol-gel process was completed, silica microspheres incorporating

MPs and QDs were obtained.

f ‘ TEOS, MPs, QDs
f Water, NH,OH
; ’ . Ethanol, A

Bare silica microspheres Incorporated silica microspheres
* CdSe/CdZnS QD
® y-Fe,0,MP

4

Figure 3.2 Reaction scheme for the incorporation of silica microspheres.
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Detailed Experiment: Incorporation of QDs and MPs into silica microspheres

The procedure for incorporating MPs and QDs together into silica microspheres
was adapted from Chan et al. In a typical procedure, 30 mg bare silica microspheres and
16 mg of hydroxypropyl cellulose (HPC) were added to 10 mL of ethanol, and this
mixture was sonicated for ten minutes. 50-500 pL of MP solution and 10 pL of QD
solution were added into the reaction mixture while vigorously stirring, followed by the
addition of 50 puL of H;0, 50 pL of NH4OH, and 0.15 mL TEOS. The mixture was
stirred in an oil bath at 75 °C for four hours. The silica(core)/silica-MPs-QDs(shell)
microspheres were then purified by performing five cycles of centrifuging, discarding the
supernatant, and re-dispersing the microspheres in ethanol. The reaction scheme for this

process is shown in Figure 3.2.

The resulted microspheres were then characterized using both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) as shown in Figure 3.3.
SEM and TEM images show that the morphology of the core microspheres (F igures
3.3a,b) did not change upon the addition of QD- and MP-doped shells (Figures 3.3c,d),
but rougher surfaces were observed. The increase in roughness of the microspheres’
surface might result in changes in biocompatibility and toxicity of the resulted
microspheres compared to the bare ones, which need to be studied before utilizing these
microspheres in biological applications. Size distributions (Figures 3.3e,f) measured from
TEM images indicated that the incorporation process did not significantly affect the size
dispersity of the microspheres. Moreover, the increase in average size of the overcoated

microspheres confirmed that the core/shell structure was formed.
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Figure 3.3 Size distributions of (b-d) 500 nm silica microsphere (Polysciences,
500 + 70 nm) before incorporation showings (b) SEM image, (c) TEM image, (d)
size distribution analysis, and (e-g) 500 nm silica microspheres after incorporation
of QDs and MPs (7-nm MP, 12000 MPs per microsphere) showing (¢) SEM
image (f) TEM image and (g) size distribution analysis.

As noted earlier, the crucial step for incorporating MPs into silica microspheres
was the preparation of MP stock solution in ethanol. The MPs’ native surfactant, oleic
acid or stearic acid, was displaced by 5-amino-1-pentanol (AP) and 3-aminopropyl-

trimethoxysilane (APS) in order for the MPs to become ethanol-soluble and
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polymerizable with TEOS, respectively. Addition of a small amount of 12-hydroxy-
dodecanoic acid (HAD, structure shown in Table 3.1) helped increase the number of MPs
incorporated into the microspheres. For instance, in the incorporation of 7-nm MPs into
500-nm microspheres, the MP content was as high as 13000 MPs per microsphere when
HDA was added to the MP solution. When no HDDA was added, however, the highest
MP content achievable before the aggregation of MPs outside the microspheres was
observed was four times less. The improved incorporation was most likely due to the
increased solubility of MPs in ethanol, which could reduce the rate of self-condensation
of APS, which was probably the reason for MP aggregation outside microspheres.
Other ligand systems that are similar in structure to HDA were also explored.
Some shorter carbon chain hydroxycarboxylic acids, such as DL-alpha-hydroxycaproic
acid and 6-hydroxycaproic acid were less effective in dispersing MPs into ethanol and
yielded a lower MP loading into the microspheres. Ligands with different functional
group such as 12-amino-1-dodecanol were also investigated but HDA gave better result
in terms of MP dispersibility and loading. Structures and properties of these ligands are

shown in Table 3.1.
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Table 3.1 Properties of additional surfactants in dispersion of MPs into ethanol and

incorporation of MPs into silica microsphere (MS).

Structure of surfactants Solubility of MPs Loading of MPs per MS
in ethanol (as calcualted from magnetization)
9
) . Less than
WOH Fair Loro oS

OH
DL-alpha-hydroxycaproic acid

O

HO_~_~_& Good 1500 MPs/MS
° OH

6-hydroxycaproic acid

o]
|
HO. -~~~ \,/\\/‘\/I\-OH Very good 13000 MPs/MS
12-hydroxydodecanoic acid (HDA)

Less than

HO ™S R .
2 Fair 1000 MPs/MS

12-amino-1-dodecanol (AD)

The numbers of QDs and MPs incorporated in each microsphere were determined
by elemental analysis using inductively coupled plasma—optical emission spectroscopy
(ICP-OES) performed by Galbraith Laboratories, Inc. For 500-nm microspheres, QDs
accounted for 1.1 £ 0.3 % of the total volume, or 2.0 £+ 1.2 % of the shell volume, which
corresponds to 4600 + 1400 QDs per microsphere. The highest percent volume of MPs
was 3.9 + 1.1 % of the total volume, or 7.3 + 4.1 % of the shell. This amount corresponds
to 13000 + 3700 MPs per 500-nm microsphere. Details for this calculation of MP and QD
loading in the silica micropsheres with the data from ICP are shown in Appendix A.

Microspheres of smaller sizes were also studied to find the limitation of this
process. Microspheres of 300 nm and 100 nm in diameter were prepared using the same
process. The resulting microspheres were shown in Figure 3.4. The incorporation
processed successfully but the loading of the MPs per microsphere decrease significantly.
In 300-nm MS, the loading of MPs is 450 MPs/MS, while in the case of 100-nm MS, the
loading of the MPs is as low as 45 MPs/MS.
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Figure 3.4 TEM images of MP-incorporating MS with starting MS diameter of
(a) 300 nm MS and (b) 100 nm.

For even smaller silica micropsheres, such as the 50-nm micropsheres as shown in
Figure 3.5a, the incorporation process was not successful. Large active surface area of the
microspheres of this size range caused a tendency to form cross-linked microspheres as
shown in Figure 3.5b when the same equivalent of TEOS silica precursor was used.
Several approaches for decrease the cross-linking and overgrowth of silica shells such as
decrease the quantity of TEQS, decrease the reaction temperature, and reduce reaction
time resulted in microspheres with very low loading such as shown in Figure 3.5¢. For
this reason, MP and QD-incorporated microspheres of lower than 100 nm in diameter are

not obtainable using this process.
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Figure 3.5 TEM images of the microspheres of 50-nm in diameter (a) before the
reaction, and (b-c) after the MP incorporation process in overgrowth condition of

the silica shell (b), and few MP loading condition (c).
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The distribution of iron was observed using scanning transmission electron
microscopy (STEM) equipped with an energy-dispersive X-ray analyzer, as shown in
Figure 3.6. Uniform distribution of iron signals among many microspheres was observed.
Moreover, this plot of iron (red spots) and silicon atoms (white spots), identified the shell
as the area of dense distribution of iron atoms. This observation, combined with data
from a line scanning across a single microsphere as shown in Figure 3.7, indicated a shell

thickness of 55 + 10 nm.

400 nm

Figure 3.6 Images of the microspheres from STEM (a) distribution map of
silicon (white spots) and iron (red spots) and (b) transmission image of

microspheres shown in (a).
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Figure 3.7 Results from STEM line-scanning analysis (a) position of line
scanning across the microspheres; (b) graph presenting signal of silicon (black
line), oxygen (blue line) and iron (red line) along the line in (a); (c) same graph
as (b) but enlarged to emphasize the shape of the iron signal (d represents the

shell thickness).

Detailed Characterization: TEM images of the microspheres were obtained with
a JEOL 200CX electron microscope operated at 200 kV. SEM images were obtained
using a FEI/Philips XL30 field-emission gun-environmental scanning electron
microscope (FEG-ESEM) at an acceleration voltage of 20 kV. Elemental mapping and
line-scanning were done using a VG HB603 scanning transmission electron microscope

operating at 250 kV equipped with a Link Systems energy-dispersive X-ray analyzer.

Detailed calculation of the thickness of the microspheres

In a given core-shell microsphere of inner radius r; and outer radius r,, the
intensity of the signal from atoms in the shell is proportional to the depth of the shell (h)
under the point where the signal is collected (Figure 3.8b). We assign rpas the radius of
this core-shell microsphere that is perpendicular to h. The relation between h and ry, can
be formulated by considering these following two cases.

We plot a graph between h and r, of a micropsphere with known inner and outer
radii and determine the shell thickness from the plot. For example, we plot a graph of h

and r, of a microsphere with inner radius of 200 nm and outer radius of 250 nm. One can
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observe the shell thickness (t) as a distance from outermost position of the microsphere to

the position of highest h as shown in figure 3.8a.
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Figure 3.8 (a) Graph representing the relationship between h and rp of a core-shell
microsphere (shown in b) with inner (r;) and outer radii (ro) of 200 and 250 nm,

respectively (t denoted the shell thickness).

As MPs are incorporated into the shell of the microspheres, the signal of iron
from the MPs represents the signal from the shell. The iron signal from a line scan across
a microsphere (red line in Figure 3.7c) is consistent with that in Figure 3.8a. Therefore,
the shell thickness is defined as the distance from the outermost position of the
microsphere to the position of the highest signal of iron (distance d in Figure 3.7¢). The

shell thickness was therefore 55 + 10 nm.

3.3 Physical Properties of magnetic and fluorescent microspheres
3.3.1 Fluorescence
In order to observe the distribution of QDs in microspheres, an optical microscope

was used to visualize the QDs using their fluorescent signals. Fluorescence microscopy
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showed that the microspheres were suitably bright for imaging applications. In addition,

every microsphere exhibited QD fluorescence of similar intensities, implying that the QDs

were incorporated and distributed uniformly as seen in Figures 3.9a and b.

Figure 3.9 Images of the microspheres from an optical microscope (a)

transmission image and (b) fluorescent image of the same position.

Fluorescent images of the microspheres were obtained using a Nikon Eclipse
MEG600 epifluorescence optical microscope equipped with a Nikon DXM1200 digital
camera. In order to obtain a monolayer of microspheres for light microscope imaging,
we prepared samples by spin coating the microspheres dispersed in ethanol onto glass

microscope slides.
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3.3.2 Magnetic Properties

The magnetic properties of these microspheres were measured using a SQUID
magnetometer (Quantum Design MPMS-5S). Figure 3.10 shows the magnetization
versus magnetic field at 5 K for three different microsphere samples. From the shapes of
the hysteresis loops, it can be inferred that microspheres containing both MPs and QDs
were ferromagnetic at 5 K (green and black lines in Figure 3.9), while the microspheres
with only QDs incorporated were diamagnetic (pink line). Moreover, the value of the
saturation magnetization (Ms) of each sample was measured and used to estimate the
amount of y-Fe;O; in each sample based on the known M; of bulk y-Fe,03 (3.9 x 10°
Am™).% The number of incorporated MPs per microsphere was estimated using the
diameter of the microspheres and MPs measured from TEM images, the mass of the
sample, and the assumption that MPs were uniformly incorporated and did not
significantly alter the density of bulk SiO,. Accordingly, 500-nm microspheres with 7-
nm MPs incorporated exhibited an M of 5.35 emu/g and thus contained 11000 + 3100
MPs per microsphere. This number of MPs is 20% lower than indicated by ICP-OES
clemental analysis. The higher number is probably more reliable, because size?' and

ligand effects® cause Ms of MPs to be lower than that of bulk maghemite.
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Figure 3.10 Magnetization versus magnetic field at 5 K of 500-nm microspheres

with different MP loadings.

Detail for the calculation of MP content in microspheres from saturation
magnetization measurement

The saturation magnetization of bulk maghemite is 3.9 x 10° Am™'. We used the
diameters of the microspheres and MPs measured from TEM images, and measured the
mass of the sample before the saturation magnetization measurement.

As an example, 500-nm microspheres incorporated with 7-nm MPs exhibit an M5
of 5.35 emu/g.

For the number of MPs, we calculated that there were 7.7 x 10'° MP particles in a
gram of the sample by calculating the Ms of one MP and the Mg of a gram of sample. Mg
for one MP was calculated from the volume of a MP and the Mg of y-Fe;O3 (7500 pg) Ms
of a gram of sample from the SQUID measurement was
5.77 x 10* pg
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For the number of microspheres, we used the mass of microspheres (0.938 g in a
gram of sample), and the mass of one microsphere (1.34 x 10" g) which was calculated
using the silica and QD content from calculated from elemtal analysis in Appendix A and
the MP content from above. We calculated that there were 7.0 x 10'? microspheres in a
gram of the sample.

Therefore, we obtained the number of MPs per microsphere as 11000 MPs per
microsphere. Using the same method to obtain errors as in Appendix A, in conjunction
with accounting for the error from the SQUID measurement, number of MPs per
microsphere was obtained as 11000 + 3100.

The number of MPs per microspheres obtained by this method is in agreement

with the value obtained by elemental analysis, within error.

In Figure 3.11, T corresponds to the maximum in the zero field cooled
magnetization curves measured in a small field (100 Oe). As the MP concentration
increases, the dipolar interaction between MPs becomes stronger, which causes T to
increase and the magnetization at low temperature to decrease. At high temperature, the
temperature-dependent magnetization curves for samples of different concentrations
converge, when thermal energy has overcome interparticle dipolar coupling. Asa
reference in which dipolar coupling was negligible,”* we prepared a sample of MPs
dispersed in poly(laurylmethacrylate) cross-linked with ethyleneglycol dimethacrylate.?
As shown in Figure 3.10, MPs dispersed in polymer have a blocking temperature of 30 K
(red line) while the magnetic microspheres have T of 45-50 K (green and black lines).
The increase in T indicates that the packing density of the MPs in the microspheres was
higher than that of the MPs dispersed in polymer.”> However, when compared to
vacuum-dried MPs, whose T is 70 K (the blue line), the MPs in the microspheres had a
lower T, which indicates that the packing density of the MPs in microspheres was still

not as high as that of the dried powder MPs.
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Figure 3.11 Zero field cooled magnetization versus temperature measured in a 100 Oe

field of 500-nm microspheres with different MP loadings.

3.4 Demonstration of combined superparamagnetism and fluorescence of the MP-
and QD-incorporated micropsheres.

3.4.1 Demonstration using microelectromagnetic device

(This work is done in collaboration with Hakho Lee, Westervelt Research Group,
Department of Physics, Harvard University)

To demonstrate the combined magnetic/fluorescence characteristics of the
microsphere, we have performed the magnetic manipulation of the microspheres in fluid.
Microelectromagnets, which are lithographically-patterned conducting wires, were used
to control the motion of microspheres.” Local magnetic fields generated by
microelectromagnets interact with MPs in the microspheres, which pulls the
microspheres toward the maximum in the field magnitude. Two types of

microelectromagnets, an array of wires (Figure 3.12) and a ring trap (Figure 3.13), were
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prepared for this demonstration. The manipulation process can be easily monitored in
real-time by observing the emission from QDs in the microspheres.

When an external magnetic field B is generated by microelectromagnets, the
microspheres assume induced magnetic moments m = yVB/u,, where y and V are the
magnetic susceptibility and the volume of the microspheres, respectively, and g is the
permeability of vacuum. Subsequent interactions between B and m pull the microspheres
towards the maximum in the magnetic field magnitude where the microspheres are
trapped. The trapping potential energy of microspheres is U=~ m-B = ' yVB*/uo, and
microspheres remain trapped provided |U] > ksT, where kg is the Boltzmann constant and
T is the temperature. This condition sets the criterion on the minimum magnetic field
magnitude B, = (2uoksT/xV)" required for trapping at given temperature. The
microspheres used in this experiment have y = 0.53 (see Appendix B) and V= 5.9x10’
nm?, which gives B,, =6 G at T'=300 K. Using microelectromagnets, magnetic fields >

10 G can be easily generated, ensuring the stable trapping of microspheres in fluids.
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Figure 3.12 Images of the straight wires trapping experiment (a) the current flow
and magnetic field from the wires (b) no current in wires (c) third wire from the

top turned on (d) bottom wire turned on.
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Figure 3.13 Images of the ring trapping experiment (a) the current flow and
magnetic field from the ring (b) no current (c) after the ring current was turned on

for one minute (d) after the ring current was turned on for six minutes.



For straight wires, the maximum magnetic field is located around the current-
carrying wire (Figure 3.12a). Before turning the current on, the red-emitting
microspheres floated randomly over an array of wires (Figure 3.12b). After the third wire
from the top was activated, the microspheres were immediately attracted to the third wire
(Figure 3.12c). After the third wire was turned off, the bottom wire was switched on
(Figure 3.12d). Additional microspheres were attracted to the bottom wire, and the cloud
of microspheres shown between the third and sixth (from the top) wires, which had been
trapped on the third wire, were later trapped on the bottom wire. This experiment
demonstrated that the microspheres were responsive to small magnetic field gradients,
because the microspheres which were on the third bar were moved to the bottom bar from
more than 50 um away.

In experiments using a ring trap, we used two different types of microspheres,
green-emitting microspheres without MPs incorporated, and red-emitting microspheres
with MPs incorporated. (The green-emitting microspheres were in relatively low
concentration, and they are difficult to discern against the background in this
experiment.) In this device, the magnetic field maximum was in the middle of the ring,
as shown in Figure 3.13a. When there was no current, both green and red microspheres
floated freely over the device (Figure 3.13b). One minute after turning on the ring
current, red-emitting microspheres were attracted to the middle of the ring (Figure 3.13c),
more were attracted after longer on-times (Figure 3.13d). The green-emitting

microspheres, in contrast, still floated randomly.

Detailed Experiment for the Demonstration of trapping of the microspheres with
external magnetic fields

The manipulations of the microspheres using external magnetic fields were
performed using microelectromagnets. The fabrication process of the
microelectromagnets is previously reported. Two types of devices used in this work were
arrays of Au wires (Figure 3.12a) and an Au wire patterned into a ring (Figure 3.13a).
The maximum current used in these experiment was 0.09 4, corresponding to magnetic

field of ~67 G in the Au straight wire trap, and ~42 G in the middle of the ring trap. In
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these trapping experiments, we used microspheres dispersed in water instead of ethanol
to avoid rapid evaporation of the solvent. The microspheres were transferred from the
ethanol medium to a water medium by two cycles of centrifugation and redispersion into

water.

The microspheres incorporating MPs and QDs were demonstrated to be trapped
by microelectromagnetic devices which high local magnetic field can be generated. In the
next section, less complicated systems for generating external magnetic field such as
permanent magnetic tips are demonstrated as another approach for controlling the

microspheres.

3.4.2 Demonstration using magnetic tips
(This work is done in collaboration with Barbara Muller, Dahan Research Group, Ecole
Normale Superieure, France)

One of the potential biological applications of these microspheres is that they can
be attached to molecules or proteins of interest and magnetically controlled while the
movement of the particles is visualized using their fluorescence. In addition to the
controlled movement of the microspheres using complex microelectromagnetic devices
in the previous section, a simpler magnetic control set-up such as the use of permanent
magnetic tips to attract microspheres can be utilized. One specific biological research
project that could use this set-up is the study of protein localization in an asymmetric
cell-division process.

Asymmetric cell division is an important process in cell differentiation such as in
neurogenesis.26 In this process, progenitor mother cells are polarized and experience
localization of different proteins in each pole before asymmetric cell division. After cell
division, one daughter cell will leave the division cycle and differentiate finally into a
neuron while the other daughter remains in the cell division cycle. This process is an
important step for the genesis of neural systems. However, many proteins that may
participate in this process are not yet fully studied. Our collaborator has some interest in
using the MP- and QD-incorporating microspheres for magnetic controlling localization

of these proteins and fluorescent visualizing the location of the proteins simultaneously.
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Proteins of interest are proposed to be chemically attached to the microspheres, followed
by magnetic localization and fluorescent visualization. We propose that conducting this
experiment will give us a better understanding of the neural system.

The initial experiment to prove this concept of magnetically controlling the
localization of the microspheres with real-time visualization was demonstrated in a model
system of a droplet of water in oil as shown in Figure 3.14a. Fluorescent images from an
optical microscope of this demonstration appear in Figures 3.14b-d. Attraction of the
microspheres to the approaching permanent magnetic tips was clearly observed in Figure
3.13d. The results of this experiment suggest that the proposed localization of proteins

attached to the microspheres can probably be achieved.

However, in real cell experiments, the size of the microspheres is likely to impede
the attraction and localization of the microspheres to a magnetic tip. The microspheres of
500-nm-diameter as in this experiment are likely too large to move through the
cytoskeleton in the cytoplasm of cells. The microspheres of smaller than 100-nm-
diameter with sufficient magnetization are proposed to be the maximum size for
achieving controlled movement inside cells. As mentioned in earlier sections, the
microspheres with diameters smaller than 100 nm created with this reaction scheme lack
high-enough quality and sufficient MP loading, so new nanostructures comprising MPs
and QDs are needed for use in this experiment. These new types of nanostructures are

discussed in Chapters 4 and 5.
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Microspheres in
Water droplet
(covered with oil)

Magnetic tip

Figure 3.14 Images of the magnetic tip attraction experiment: (a) diagram of the
experiment set-up, fluorescent images of microspheres (b) in water droplet
without magnetic field, (c) when magnetic approaches, and (d) 30 seconds after

magnetic tip approaches.



In conclusion, by incorporating MPs and QDs into the silica shells of the pre-
made microspheres, we have developed a new type of silica microsphere with tight size
distribution and both magnetic and fluorescent properties. We have also demonstrated the
bifunctionality of the microspheres by manipulating them using external magnetic fields
with real-time fluorescence monitoring. These microspheres have potential for
biomedical applications as a probe that responds to magnetic field gradients and
simultaneously luminesces. For many applications in biological systems, surface
modification of the microspheres is needed both for applying functional groups for
conjugation and for reducing protein non-specific binding. This surface functionalization

of the silica microspheres is discussed in Section 3.5.

3.5 Surface functionalization of the microspheres

In order to use the microspheres by conjugating them with other molecules, the
functional groups have to be applied onto surfaces of the microspheres. The surface
modification of the micropsheres can be done by using silane-coupling chemistry to
attach different functional groups to the MP surfaces. Moreover, for some biological
applications, the microspheres must have low protein-non-specific binding because in a
biological system, a high concentration of protein could affect the size and stability of the
microspheres. In order to reduce the protein-non-specific binding of the microspheres, a
polyethylene glycol (PEG) chain, which is known for having low protein-non-specific
binding, can be attached onto surfaces of the MPs. Examples of these surface

modifications of the microspheres are shown in the reaction scheme in Figure 3.15.

l-!;.N'\/\Sligm — g2

N ] Y NHS-PEG-OMe %

L oH - | ., — ~—PEG-OMe
Silica microspheres Silica microspheres . Silica microsphergs

with silanol terminal group with amine terminal group with methoxy-PEG terminal group

Figure 3.15 Reaction scheme for surface functionalization of silica microspheres.
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Surface modification of the silica microspheres in order to attach functional
groups such as amino groups can be done in a one-step reaction as shown in the first
reaction in Figure 3.15. Amino-functionalized silica microspheres can be prepared from
the silane-coupling reaction between native silica microspheres with silanol groups on
their surfaces and a silane-coupling reagent such as APS (3-
aminopropyltrimethoxysilane, Sigma-Aldrich). This reaction was done in ethanol at 40
°C for 1hour with ammonium hydroxide and water as catalysts. This reaction scheme can
also be used for functionalization using other silane-coupling agents such 3-
mercaptopropyltrimethoxy-silane for attaching thiol groups to the microspheres.

PEGylated microspheres can then be prepared from the amino-functionalized
microspheres as shown in the second reaction in Figure 3.15. The PEGylation step was
done using an amide-coupling reaction between the amino groups on the microspheres
and the N-Hydroxysuccinimide (NHS) ester group on mPEG-NHS (5 KDa Molecular
weight, Creative PEGWorks). This coupling reaction was done in a PBS solution at room
temperature for 6hours. The resulting PEGylated microspheres are then dispersible and
stable in PBS solutions.

The changes in the surface of the microspheres during these surface modifications
processes can be tracked by analyzing the changes in their surface charges. A zeta-
potential analyzer was employed to measure the charges of the microspheres in the form
of zeta potential. The zeta potentials of the microspheres in a diluted PBS solution before

and after surface modification processes are shown in Figure 3.16.
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Figure 3.16 Zeta potentials of 300-nm silica microspheres of different surface

modifications.

The zeta potentials of the microspheres revealed the success of the surface-
modification reaction used in Figure 3.15 because the changes of the zeta potential
correspond to the functional groups applied to the microsphere surfaces. The silica
microspheres with only native silanol groups are highly negatively charged because they
have zeta potentials of less than -30mV. After being functionalized with amino groups,
the microspheres turned their zeta potentials into the positive range, corresponding to the
positive charges of the protonated amino groups in the PBS solution. Then, the slightly
negative charges on the surface of the MPs were observed in PEGylated microspheres

due to the PEG and some excess native silanol groups.
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The surface modification discussed in this section suggests that the microspheres
can change their surface properties and charges, which can be useful for some biological
experiments. Moreover, a variety of functional groups can be attached to the surfaces of
silica microspheres with a one-step reaction for each group Microspheres with available
functional groups are important for biological applications because they can be
conjugated with proteins and molecules of interest such as the experiment discussed in

Section 3.4.2, which required the conjugation of proteins with the microspheres.

3.6 Conclusion

The surface modification of iron oxide MPs with silane groups discussed in this
chapter can lead to the formation of silica microspheres containing MPs and QDs. These
superparamagnetic and fluorescent silica microspheres show high potential for being a
useful tool for various biological applications as demonstrated in the magnetically
controlled and real-time fluorescence-visualization experiments. Moreover, the surface of
the silica microspheres can be readily changed and functionalized with various functional
groups. This is the first production of nanostructures that combine sufficient
superparamagnetism, fluorescence, and functional surfaces for biological applications in
the same particles.

The size limitation of the MP and QD-incorporated silica microspheres that they
cannot be synthesized in a smaller-than-100-nm range can hinder them from being used
in some biological applications. The applications that require microspheres of diameters
under 100 nm, such as the experiment in magnetically-controlled movement of the
microspheres inside cells mentioned in Section 3.4.2, require nanostructures of different
designs. Chapters 4 and 7 discuss smaller nanostructures comprising iron oxide MPs and
semiconductor QDs as candidates for those applications requiring smaller

superparamagnetic and fluorescent particles.
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3.8 Appendix

Appendix A: Calculation of MP and QD content in microspheres from ICP-OES
elemental analysis

We used a density of 1.96 g/cm? for silica microspheres, (Polysciences, Inc., data
sheet). Densities of CdSe, CdS, and ZnS used were 5.66, 4.82 and 4.1 g/cm3,
repectively.?” The density of maghemite used was 4.88 g/cm>.?’ Sizes of microspheres,
QDs, and MPs were obtained from TEM negatives scanned with a digital scanner and
analyzed with ImageJ. We assumed that MPs and QDs were uniformly incorporated and
did not significantly alter the density of the microspheres from that of the bare
microspheres.

As an example, for which we detail our analysis, 500-nm microspheres
incorporating 7-nm MPs and 6-nm QDs had an elemental composition of 39.6 % w/w
silicon, 5.54 % w/w iron, 0.85 % w/w cadmium, 0.55 % w/w zinc by ICP-OES.

In Table 3.2, we summarize the calculation we used for obtaining the number of
MPs and QDs per microsphere, percent volume of MPs and QDs in microspheres, and

percent volume of MPs and QD:s in the shell.

82



Table 3.2 Calculation for obtaining the loading of MPs and QDs in the microsphere
assuming that the density of the final, loaded microspheres is the same as that for the

initial, bare microsphere

Microsphere MP QD
% of total mass b
84.7° 7.92 2.24
(calculated from ICP-OES)
Radius (nm)
242 £ 10 35+03 32+03
(from TEM images)
Mass of each particles (g) 1.16 x 107" 88x107 | 6.9x107"

Number of particles in
P 7.30 x 10" 9.0x10" | 324 x10"

100 g of sample
Number of nanoparticles per
) - 12000 4400
microsphere

Percent volume of nanoparticles 16 1

per microsphere . .
Percent volume of nanoparticles

- 6.75 1.9

in the shell

? This number is the weight percent of silica in the sample. The percentages in
this row add up to less than 100 due to the presence of residual organics.

® The total mass of QDs was based on the composition of CdSe/Cdo 04Zno96S. The
molar ratio of Cd/Zn in QDs’ alloyed shells was calculated using the radii of core-shell
QDs measured from TEM images (3.2 £ 0.3 nm) and core (2.6 = 0.2 nm) from
absorption at 350 nm?* combined with data of Cd and Zn content from ICP-OES.

In order to verify the assumption that the density of microspheres loaded with
MPs and QDs does not significantly change from that of the initial microspheres, we
calculated the density of the loaded microspheres by accounting for the mass of MP and
QD incorporated. As a result, the density of loaded microspheres is now 2.27 g/cm’, a
16% increase from that of the bare microspheres.

When using this corrected density, the analysis is adjusted as shown in Table 1.3.
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Table 3.3. Calculation for obtaining the loading of MPs and QDs in the microsphere after

the density of incorporated microspheres has been adjusted.

Particles Microsphere MP QD
% of total mass
94.87¢ 7.92 2.24
(calculated from ICP-OES)
Radius (nm)
242+ 10 3.5+03 32+03
(from TEM images)
Mass of each particles (g) 1.34x107" 8.8x 107" 6.9 x 107
Number of particles in
7.07 x 10" 9.0 x 10'® 324 x 10"
100 g of sample
Number of nanoparticles per 5 5
) - 13000 + 3700° | 4600 + 1400
microsphere
Persent volume of nanoparticles b b
_ . - 39+ 1.1 1.1£0.3
in the microsphere
Percent volume of nanoparticles b b
- 7.3x+4.1 20+1.2

in the shell

? This number here is the weight percent of combined silica, QDs, and MPs. This

percentage is less than 100 due to the presence of residual organics.

® The error was calculated using propagation of random errors.?’ The major

contributions to the total error in the loading of QDs and MPs in microspheres comes

from the standard deviation of the radii of microspheres, MPs, and QDs, and the

thickness of the microsphere shell.
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Appendix B: Calculation of magnetic susceptibility of a microsphere used in
trapping experiment
The magnetic susceptibility of a microsphere in small magnetic fields is

it
3T

X =ty

where 1 is the permeability of vacuum, » is the number density of the MPs in a
microsphere, y, is the saturation magnetic moment of a MP, kj is the Boltzmann constant,
and T is the temperature. The microspheres used in the experiment have a diameter of
483 nm and contain 204 MPs, which gives a number density for the MPs of n =
3.46x10%' /m’.

The diameter of MPs in the microsphere is 18 nm. Assuming that the MPs are
spherical and have the magnetization 4.0x10° A/m’ as in the bulk, we calculated the
saturation magnetice moment of a MP, u,, as 1.2x107'% A'm.

Therefore at 7= 300 K, the magnetic susceptibility of a microsphere is 0.53.
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Chapter 4
Surface Modification of Iron Oxide Nanoparticles
through a Reverse Micro-emulsion Process and

Preparation of QD-decorating Silica-coated Iron Oxide Nanoparticles

4.1 Introduction

In order to prepare water-dispersible and colloidally stable iron oxide
nanoparticles, coating the MPs with silica is one of available choice. Coating of the MPs
with silica also has the advantage that the silica surface can be functionalized readily with
the available silane coupling reagents.! Moreover, silica surfaces are also known for
biocompatibility because they can be transferred into biological systems without
significant toxicity.'">

As indicated by the modified silica coating process in Chapter 3, the silica coating
process in one phase usually requires the surface of the materials to be hydrophilic, and
the surface should have a silanol group to react with the silane precursors. Also, the silica
coating tends to face a limitation in that the reaction can overreact, and the overgrowth of
silica could occur in the form of cross-linked particles, as was observed in the case of
silica coating on small silica microspheres (Figure 3.5b). For these reasons, the one-phase
solution process cannot make the silica coating nicely on MPs with a hydrophobic nature.

This chapter discusses a silica coating using a reverse micro-emulsion process.
This process is a good choice for coating materials of a small size and hydrophobic
surface such as the MPs with a native oleic acid surfactant. In such cases, the more
complex nanostructures of QD-decorated silica-coated MPs are synthesized using the
silica-coated MPs from this process. These multifunctional nanostructures are studied
because they can be used as smaller versions of the silica microspheres incorporating

MPs and QDs, as discussed in Chapter 3.
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4.2 Synthesis of silica-coated iron oxides MPs through a reverse micro-emulsion
process

The micro-emulsion process used in this chapter is adopted and modified from the
previously reported process for coating CdSe QDs and iron oxide MPs.* This process is
also known to apply to other types of nanoparticles with hydrophobic surfaces. The
procedure and reaction scheme for the coating of silica onto iron oxide MPs are shown in
Figure 4.1,

The silica coating process using the reverse micro-emulsion process started with
the formation of micelles when the Igepal CO-520 surfactant was dissolved and stirred
into cyclohexane. The micelles formed in this step because the hydrophilic heads of the
surfactant molecules would point away from the rest of the hydrophobic solution. Then
the hydrophobic MPs were added into the reaction mixture, and the MPs tended to attract
Igepal CO-520 molecules, which have a higher polarity to attract the MPs. After that,
water and ammonium hydroxide solution were added to the stirring mixture. The reverse
micelles, which give the name to this process, were formed in this step because the water
phase stayed inside the hydrophilic head of the Igepal CO-520. The reaction occurred in
the micelles of the water phase inside the hydrophobic solvent, which are the opposite of
regular micelles,. The silica shells started to form when the silica precursor,
tetraethoxysilane (TEOS), was added into the reaction mixture. Hydrolysis of TEOS and
condensation of the silanol group took place at the interface between the water phase and
cyclohexane phase where the MPs was attracted. After these reactions, the MPs were
finally included in the silica shell.

The silica-coated MPs were separated out from the reaction mixture after the
addition of ethanol. Ethanol can dissolve the Igepal CO-520 well, so upon addition of
ethanol, the micelles were broken and the silica-coated MPs could be separated out by
centrifugation. The silica-coated MPs can be re-dispersed back into ethanol or a water-
based solution. The TEM images of the resulted silica-coated MPs are shown in Figure
4.2.
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Figure 4.1 Schematic representation of the silica-coating process.
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Figure 4.2 TEM images of the MPs (a) before and (b) after silica coating.

The TEM images in Figure 4.2 show nicely silica-coated MPs, indicating the
success of the process. Compared to the MP cores before the coating, the same size of the
cores and a similar size distribution were observed as expected because the reaction
condition is relatively mild and the dissolution or changes of the MPs should not occur.

This observation implies that the magnetic properties of the MPs would also be intact.

Experimental Details:

For silica-coated MPs with 15-nm shell thickness: Igepal CO-520 (1.6 g, 3.75
mmol) was dissolved in 21 mL cyclohexane and stirred for 30 min. 200 pL of a solution
of 7 mg/mL of MPs in cyclohexane was added in the reaction mixture and stirred for 1h.
Then, ammonium hydroxide solution (29.4 %, 100 uL) was added into the reaction
mixture and stirred for another 1h. After stirring for 1h, TEOS (100 pL) was added into
the reaction mixture and stirred for another 24h. After the growth of silica shells, 80 mL
of ethanol were added to precipitate the silica-coated MPs. The products were then re-

dispersed and kept in ethanol for further use.

The thickness of the silica shell can be controlled by adjusting the amount of the
MP cores added to the reaction mixture. The more MPs cores, the thinner the shell of the

silica coating. Also, to some extent, the amount of the TEOS added can alter the shell
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thickness, but control of the overgrowth of silica must be kept in mind. When too much
TEOS is added to the reaction mixture, the overgrowth of the silica shell could take
place, and a cross-linked silica network of MPs is observed. Figure 4.3 depicts the

controllable shell thickness of the silica coating using this method.

Figure 4.3 TEM images of the silica-coated MP of different shell thickness (a, b,

and ¢ show 20-, 15- and 10-nm shell thicknesses, respectively).

These MPs were then transferred into a water-based solution. The transfer process
was done by first centrifuging to precipitate the silica-coated MPs out of ethanol using a
high-speed centrifuge. Then DI water was added to re-disperse the silica-coated MPs. A

sonicator can be employed in this step to facilitate the re-dispersion. The precipitation
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and re-dispersion were repeated a few more times to confirm that the ethanol was
removed. Then the silica-coated MPs could be transferred into buffer solutions of
interest.

In a water-based solution, the hydrodynamic size of these silica-coated MPs can
then be analyzed using a dynamic light scattering (DLS) instrument. The size distribution
of the silica-coated MPs with 20-nm shell thickness is shown in Figure 4.4. The result
from the DLS showed that the hydrodynamic size is some 10 nm larger than that

measured by TEM, indicating that there might be some absorbed layers of water on the

surface of the silica-coated MPs in a colloidal form.
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Figure 4.4 Size distribution of the silica-coated MPs with silica shell of 20-nm

thickness measured using a DLS instrument.

Another interesting property of the MPs for biological applications is the T2
relaxivity. The T2 relaxivity (R2) of the silica-coated MPs with a 20-nm silica shell is
41 mM™' sec’'. This value of relaxivity indicates that this type of nanostructure can be
useful as a T2 contrast agent in MRI studies. However, the value of the relaxivity is lower
than what usually expected from MPs of 9-10 nm cores. One of the reasons for this low
value of R2 is that the MPs are too thick and make the water molecules around the MPs
too far away to be affected by the magnetic field from the MP cores.

Formation of MPs with thinner silica shells has been attempted in order to solve
the problem of a thick shell causing the reduction in relaxivity. However, in this study
and these reaction conditions, the thinnest silica shell that is achievable is 10 nm, as

shown in Figure 4.3c. Synthesis of MPs with an even thinner shell of silica was studied
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by significantly increasing the MP concentration and minimizing the quantity of TEOS
added. However, it was found that the MPs with silica shellsthinner than 10 nm tend to
experience an incomplete shell around the MP core. The incomplete silica shells were

observed by TEM as shown in Figure 4.5.

Figure 4.5 TEM image of the MPs with incomplete silica coating.

The silica-coated MPs with incomplete coating as shown in Figure 4.5 indicate
the lower limit of silica shell thickness using this method for silica coating. The thinnest
silica shell for MPs is around 10 nm thick. Also, this incomplete coating can imply a
mechanism for the micro-emulsion process, in which the coating starts from one side of
the MP before it propagates to other sides because MPs with one-sided coatings were
observed in this TEM image.

Another phenomenon was observed for silica-coated MPs with thin shells in a
water-based solution of pH above 9. The silica shell can be dissolved and etched away at
this pH after stirring and sonicating. The dissolution of the silica shell can be tracked by

the TEM as shown in Figure 4.6.
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Figure 4.6 TEM images of the thin-shelled MPs after exposed to basic solution
(pH 9) at (a) 5 min, (b) 30 min, and (c) 1 h under sonication.

The dissolution of the silica shell took place at a relatively fast rate. Within 30

minutes after exposure to the basic solution, the silica shells had almost disappeared, as
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shown in Figure 4.6b; in 1 hour the silica shells were completely dissolved, as shown in
Figure 4.6¢. This phenomenon is likely due to the loose and highly porous nature of the
thin silica coating. This is one of the properties that must be considered when the thin
silica-coated MPs are used.

However, the MPs with completely dissolved silica coatings show some
significant properties in that they are dispersible in water-based solutions and stay
colloidally stable for an extended period. Further study of these MPs might be useful
because their surfaces have been changed from hydrophobic (from their oleic acid
surfactant) to hydrophilic without any added surfactants. Their hydrophilicity likely
occurs due to the intrinsic properties of the iron oxide MPs, which indicates that the MPs
are not coated with any surfactants at this point. The MPs at this state might be useful
because their surfaces can be readily treated with any surfactants and can be manipulated
easily.

The following sections discuss the use of the silica-coated MPs to prepared bi-
functional nanoparticles, as proposed in the previous chapter. We propose that the
nanostructures form by using the silica-coated MPs as a core and coating them with
another silica shell that contains QDs. Two approaches to the formation of these
nanostructures are discussed. In Section 4.3, QDs are in situ incorporated into a growing
second silica shell, while in Section 4.4, QDs are attracted onto the silica-coated MPs

before the growth of the second thin silica shell.

4.3 Incorporation of QDs into the silica shell of silica-coated iron oxides MPs

In this section, the creation of a nanostructure comprising MPs, QDs, and silica is
the main focus. The goal for preparing this type of nanostructure came from the previous
section, which mentions an interest in having nanostructures of MPs and QDs smaller
than 100 nm for biological applications. Based on the procedure used in Chapter 3 for
incorporating QDs onto preformed silica microspheres, the silica-coated MPs could be
used as the cores for this process. The resulting nanostructures can be smaller than 100
nm in diameter yet still comprise the needed MPs, QDs and silica compositions. The

reaction scheme for preparation of these nanostructures is shown in Figure 4.7.
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Figure 4.7 Schematic representation of the QD incorporation into silica-coated
MPs.

The process of incorporating QDs into the silica second shell is similar to the
process discussed in Chapter 3. In this process, as shown in Figure 4.7, the two
components were prepared separately. The silica-coated MPs were prepared using the
reverse micro-emulsion process discussed earlier. The QDs were prepared to have
trimethoxysilane groups on their surfaces and be dispersible in ethanol through a
surfactant-exchanging process at 40°C for 2hours as described in detail in Chapter 3
using a procedure previouslyreported.”’ After both components were prepared and
dispersed in ethanol, the TEOS and ammonium hydroxide solution were added to start
the silica growing process on the silica-coated MPs. The QDs were simultaneously
included in the newly grown shell because their active methoxysilane groups can readily
react with the silica precursor. After the reaction proceeded for 2Zhours at 45°C, the
process was stopped and the resulted nanostructures were separated from the reaction
mixture using a centrifuge. The resulting QD-incorporated silica-coated MPs were re-
dispersed and stored in ethanol. The TEM images of these nanostructures are shown in
Figure 4.8.

The TEM images revealed that the combined nanostructures of QD-incorporated
silica-coated MPs were obtainable using this process. As shown in Figure 4.8, the QDs
inside the silica shell as well as the MP core at the center are clearly observed. The

nanostructure was formed as proposed, and this is the first time that nanostructures of less
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than 100-nm diameter comprising MPs, QDs, and silica were prepared. However, some
degree of aggregation of these nanostructures can also be observed, as Figure 4.8a shows.
This aggregation is due to the difficulty in controlling the silica shell growth on small
particles because the small particles have a more active surface area and out-of-control

cross-linking can take place.

Figure 4.8 TEM images showing the size distribution (a) and (b) close-up view of

the resulting QD-incorporated silica-coated MP.

Although these QD-incorporated silica-coated MPs could be used in some
biological applications, the aggregation problem might prevent them from being useful.
An improved method for forming similar nanostructures is discussed in the following

section.

4.4 Decoration of QDs onto silica-coated MPs

The aggregation problem that was observed in the previous section can be
avoided by separating the incorporation of QDs from the growing of silica shells. This
method was recently developed in our group and used for the decorating with the QDs of

preformed silica microspheres.® The scheme for this process is shown in Figure 4.9.
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Figure 4.9 Schematic representation of the QD decoration of the silica-coated

MPs.

The success of this process comes from the ability of the QDs with amino-
functionalized polyimidazole PEG polym<:r9 as shown in the scheme to be
electrostatically attracted to the silica-coated MP surfaces. In this process, the QDs were
first added to the dispersion of silica-coated MPs in water. The positively charged QDs
were attracted to the negative silica surfaces of the silica-coated MPs. Then a thin silica
shell and PEG were coated onto the surface of the nanostructure to render the
construction stable and to stabilize the nanostructure in water, respectively. After this
process, the resulting nanostructures were purified by being precipitated out of the
reaction mixture using a high-speed centrifuge, having excess QDs and some excess
precursors discarded, and having the nanostructures re-dispersed in water. The TEM
images of these QD-decorating silica-coated MPs are shown in Figure 4.10 and their

hydrodynamic size distribution using DLS is shown in Figure 4.11.
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Figure 4.10 TEM images of QD-decorating silica-coated MPs

The TEM images in Figure 4.10 revealed that the proposed structure of QD-
decorating silica-coated MPs is obtainable using this procedure. Figure 4.10b clearly
shows the QDs attached to the silica-coated MPs. The size of the QD-decorating silica-
coated MPs shown by TEM is around 60-65 nm in diameters. Compared to the TEM

images from the previous section, this process yielded particles with less extra silica
coating extruding from the silica shells.
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Figure 4.11 Size distribution of QD-decorating silica-coated MPs (with 20-nm-

thick silica shell) using DLS measurement.
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According to DLS analysis, the QD-decorating silica-coated MPs average 78 nm
in diameter. The diameter of these MPs increases from the size of the silica-coated MP
core in Figure 4.3 by 10 nm, indicating that the second layer comprising QDs, a thin
silica layer, and PEG is around 5nm thick. Also, no aggregation is observed in this
sample in water, which indicates that these MPs are superior to nanostructures formed
using the previous procedure. In the previous procedure in Section 4.3, the samples are so
aggregated that signals from DLS showed random signals indicating large particles.

The demonstrations of the combined magnetic and fluorescent character of these
QD-decorating silica-coated MPs are shown in Figure 4.12. The MPs are well-dispersed
in water, and when they are precipitated down by centrifugation, the precipitate can be
attracted and manipulated by a strong magnet as shown in Figure 4.12b. In both states,
the fluorescence of the particles can be observed under UV light. These demonstrations
could not be achieved unless both magnetic and fluorescent properties were combined

and present in the same particle as these nanostructures.

Figure 4.12 Images of the QD-decorating silica-coated MPs under excitation by

UV (a) in colloidal state without external magnetic field and (b) in pallet forms

under magnetic field.
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However, the magnetic properties of these silica-coated MPs with single MPs as
cores are still too low to be attracted and manipulated individually in their colloidal state.
The problem is that the loading of the MPs inside this structure is too low, resulting in
nanostructures of low magnetization. The next section discusses possible procedures by

which to increase the loading of the MPs inside these silica-coated nanostructures.

4.5 Increase of MP loading: Use of the agglomeration of MPs

In order for the MPs and QD structures to increase in their magnetization, the
amount of loaded MPs has to be increased. One approach to increasing the amount of the
MPs in the reverse micro-emulsion process was performed by the addition of a small
quantity of ethanol into the reaction mixture. Ethanol can dissolve all components in the
reverse micro-emulsion process including the water phase, cyclohexane phase, and the
Igepal CO-520, leading to some changes in the micelles size and structure. With these
changes of the micelles, the silica-coated nanoparticles with more than one MP were
obtained. Figure 4.13 shows TEM images of these nanoparticles.

The loading of MPs in the silica-coated nanoparticles increased as observed in

Figures 4.13b and c. However, the distribution of the MPs in each particle is not uniform.

Improvement on this issue must occur before these nanoparticles can be useful.

Figure 4.13 TEM images of the silica-coated MPs with ethanol added during the

reverse micro-emulsion, leading to formation of cores of multiple MPs and

showing the size distribution (a) and multiple-MP cores.
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Colloidal superparticles'® of MPs are another candidate for use as the cores for
silica coating. The superparticles can be formed by a controlled changing of the
hydrophilicity of the solvents of the MPs in presence of a surfactant such as
dodecyltrimethylammonium bromide (DTAB).'* " This surfactant can transfer
hydrophobic MPs into the water phase by forming the micelles of the MPs. Then, upon
addition of another solvent, ethylene glycol, DTAB is dissolved into a new solvent
system and the micelles are ruptured. After the micellar structures disappear, the MPs
become aggregated in the water phase. In this reaction condition at a high temperature,
the aggregations are relatively uniform, resulting in so-called superparticles. The scheme
for preparation of these particles is shown in Figure 4.14 and the structures of these

superparticles are imaged using TEM as shown in Figure 4.15.
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Figure 4.14 Scheme for the process of colloidal superparticle preparation.
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Figure 4.15 TEM images of the colloidal superparticles show (a) size distribution

and (b) the superlattice of the MPs inside the superparticles.

These superparticles can be potentially used as cores for the micro-emulsion
process as they have hydrophobic surfaces that are compatible with the silica-coating
process. The nanoparticles using these superparticles are proposed to have strong
magnetization and could be useful in biological applications such as the experiments

involving magnetically controlled movement of proteins mentioned in Chapter 3.

4.6 Conclusion

This chapter discusses the process of making silica-coated MPs through reverse-
micro-emulsion. The thickness of silica can be controlled in the range of 10-25 nm. The
thinnest shell that can obtain using this process is around 10 nm before incomplete
coatings were observed.

The silica-coated MPs can be decorated with QDs, and the nanostructures of these
QD-decorating silica-coated MPs are the smallest reported systems that are composed of
MPs, QDs, and silica together in uniform distribution. These nanostructures can be useful
for biological applications that require superparamagnetic and florescent silica-based
nanostructures smaller than the microsphere systems discussed in Chapter 3. Chapter 7
discusses nanostructures comprising only MPs and QDs and aiming at formation of

superparamagnetic and fluorescent systems of even smaller sizes.
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Chapter 5
Surface Modification of Iron Oxide Nanoparticles

using Hydrophobically-modified Acrylic Acid

5.1 Introduction

As mentioned in Chapter 1, iron oxide MPs are useful in various biological
systems. For these applications, the MPs have to be at least dispersible in water-based
solutions and stable in physiological environments. The better-quality MPs are also high
in T2 relaxivity to be better MRI contrast agents. The improvements in the properties of
iron oxide MPs include making the particles stable in water, small in hydrodynamic size,
and in possession of available functional groups for further conjugations to molecules and
proteins of interest.

One of our motivations for synthesizing iron oxide MPs of very small size is their
potential application in MRI sensing. The goal of this project is to use magnetic
resonance imaging (MRI) to probe calcium ions in the nervous system on a cellular scale.
The mechanism of calcium-sensing is based on changes in MR images when
agglomeration of a T2 contrast agent, such as MP, takes place.'*This MP agglomeration
mechanism employs the formation of complex of the protein calmodulin (CaM) and the
peptide RS20 in the presence of calcium jons.> For this project, MPs need to be
modified to become stable in water in physiological environment, have a hydrodynamic
size of less than 15 nm in diameter, and have a functional group that can be covalently
attached to CaM and RS20 molecules. The schematic representation of this calcium-

sensing mechanism is shown in Figure 5.1.
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Figure 5.1 The mechanism for calcium-sensing using MRI.

For these proposed properties, the MP surfaces have to be modified. Two main
groups of surfactants have been used for transferring hydrophobic MPs into water-based
solutions. The first type of these surfactants is amphiphilic molecules that can lead to
formation of micelles around the MP particles. The second type, which will be discussed
in more detail in Chapter 6,is the hydrophilic surfactants that ‘can replace the native oleic
acid on MP surfaces and directly bind to the MPs to make them hydrophilic. This chapter
focuses mainly on the surfactants of the first type.

Amphiphilic molecules that have been used as MP surfactants include
phospholipids and amphiphilic polymers.®® The advantage of these types of surfactant is
that the process for transferring MPs into water does not interfere with the native oleic
acid surfactants, leading to the observation that the magnetization of the MPs could stay
intact. The surfactants of these types tend to yield MPs with higher magnetization
compared to the surfactants that interact directly with the MP surfaces.

The surfactant that is the main topic in this chapter is the hydrophobically-
modified polyacrylic acid (mPAA).® The choice of an mPAA for use in dispersing MPs
into water arises for two main reasons. First, the polyacrylic acid is cheap compared to
phospholipids, and the synthesis of hydrophobically-modified polyacrylic acid can be
done in a one-step reaction. Second, the molecular weight of the mPAA is low and would
make the hydrophilic MPs of small hydrodynamic size. The following sections discuss

mPAA preparation and the process of transferring the MPs into water.
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5.2 Preparation of hydrophobically-modified polyacrylic acid

Hydrophobically-modified polyacrylic acid (mnPAA) was synthesized using a
modified process previously reported.”® In this process, the polyacrylic acid of ~2000 Da
molecular weight formed an amide bond with octylamine using EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) as an activating agent. The ratio between the
carboxylic groups of the precursor and the octylamide groups was maintained between
7:3 and 6:4 in order to obtain co-polymers that could serve as good amphiphilic

surfactants for the MPs. The reaction scheme and the structure of mPAA are shown in

Figure 5.2.
Octylamine, EDC
. DMF.RT.16h AN
Polyacrylic acid (PAA) Hydrophobically-modified
Average MW = 2000 Polyacrylic acid (mPAA)

Figure 5.2 Reaction scheme for synthesis of mPAA.

IR absorption spectra were used to track the progress of the reaction. The mPAA
has an additional carbonyl peak from the amide bond at wave number 1683 ¢cm'in
comparison to polyacrylic acid, which absorbs only one carbonyl peak at 1732 cm™ as

shown in Figure 5.3.
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Figure 5.3 Infrared transmission spectra of a) polyacrylic acid and b) mPAA.
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After the mPAA surfactant was prepared, the next important step was the
formation of the mPAA-MPs micelles. This step is critical because the micellar structures
have to be formed in order for the MPs to be transferrable into water. The details of the

formation of micellar MP-mPAA s are discussed in the following section.

Experimental Details:

Hydrophobically-modified polyacrylic acid (mPAA) synthesis: Polyacrylic acid
(1800 Da molecular weight, 1 g) was dissolved in dimethylformamide (DMF, 10 mL). n-
Octylamine (0.72g) were added into the solution. The reaction mixture was stirred for 15
minutes before EDC (1.06 g) was added. The reaction mixture was stirred at room
temperature for 16h. DMF was then removed under reduced pressure before the 2 mL of
water was added to precipitate out the mPAA. The precipitate was washed three more
times with water. The mPA A were then re-dissolved into 4 mL of ethylacetate and the
solution was then added 2 mL of water and 1 g of tetramethylammonium hydroxide and
stirred for 2h. The reaction mixture was then added 4 mL of 1.3 M hydrochrolic acid to
re-precipitate the mPAA and the supernatant were removed. The purified mPAA were
then dissolved and kept in ethylacetate. Before the use of the mPAA,
tetramethylammonium hydroxide in methanol was added into the mPAA solution to
adjust the pH of the mPAA to pH 8-9 before undergoing the surface modification

process.

5.3 Preparation of iron oxides MPs with mPAA on their surfaces

The critical step for applying the mPAA surfactant to MPs is the micelle-forming
step. Because the mPA A possesses many carboxylic groups, the direct binding of the
carboxylic to the MPs could also take place competitively with the micelle formation.

The scheme for transferring MPs into a water-based solution is shown in Figure 5.4.
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Figure 5.4 Schematic representation of the preparation of mPAA-coated MPs.

As shown in the scheme, the MPs with oleic acid were first mixed with mPAA in
chloroform. This procedure includes two critical steps. First, as mentioned in the previous
section about the synthesis of mPAA, the final mPAAs must be in deprotonated form by
adjustment of the final product to pH 9. These mPAAs, of which carboxylic acid groups
are mostly in the carboxylated form, are hydrophilic and did not bind to the MPs. The
second critical step is the micelle formation. In this step, the original solvent, chloroform,
was slowly removed under reduced pressure. After thin films of mPAA-MPs were
obtained, the PBS solution was then added into the reaction mixture dropwise during
sonication. This critical step was performed in order to ensure that the micelles could be
formed. Any abrupt change in concentration or dilution of the sample to a very low
concentration can lead to the aggregation of the MPs.

After being transferred into the PBS solution, the mPAA-MPs were characterized
using TEM, gel filtration chromatography, and dynamic light scattering. The results from

these analyses are shown in Figures 5.5, 5.6a, and 5.6b, respectively.
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Figure 5.5 TEM images of MPs (a) before and (b) after being coated with mPAA.

The TEM images in Figure 5.5 indicate that the mPAA-MPs in the PBS solution
were well dispersed because there was no aggregation observed in the TEM images.
After being transferred into the PBS solution (Figure 5.5b), the MP cores retain the same
size as the MP cores before the micelles-formation process (Figure 5.5a). The similarity
in size before and after the surface modification process indicates that this process is
minimally destructive to the MPs. This finding is foreseeable because the surface
modification of MPs using the micelle formation process does not involve replacing the
native oleic acid surfactant, but instead coats the MPs with another amphiphilic polymer.
The stability of the cores that are shown in TEM images suggests that the magnetization
of the MPs and T2 relaxivity remain high, which will be discussed later.

Using the gel filtration chromatogram in Figure 5.6a, the hydrodynamic diameter
of the resulting mPAA-MPs was calculated to be 10.5 nm in diameter. This
hydrodynamic size was determined by fitting the retention time of the MPs into the
calibration curve formed using four protein standards of different sizes (from largest to
smallest proteins: thyroglobulin 18.8 nm, alcohol dehydrogenase 10.1 nm, ovalbumin
6.12 nm, and lysozyme 3.86 nm). The GFC was performed using Superose 6
(Amersham) as the stationary phase and the PBS solution as the mobile phase. The
majority of the mPAA-MPs fell in the range of the standard curve and correspond to 10.5

nm in diameter. However, there are some small signals of aggregation observed at the
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very beginning of the chromatogram. This experiment indicates that the water-dispersible

MPs with hydrodynamic diameter less than 15 nm can be obtained using this mPAA-MP

system.
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Figure 5.6 Size determinations of mPAA-coated MPs using (a) gel filtration

chromatography and (b) DLS measurements.

The hydrodynamic size indicated by using the GFC chromatography is based on
the assumption that no physical or chemical interaction occurs between the carbohydrate-
based stationary phase in the column and the nanoparticles other than size exclusion.
However, that ideal situation might not be reached, and it is likely that the interaction
between the MPs and the standard proteins to the stationary phase is significantly
different. Therefore, there is some error in the size of the MPs determined using this
method.

Another conventional method for determining the hydrodynamic size is dynamic
light scattering (DLS) analysis. The size distribution of the mPAA-MPs obtained using
this instrument is shown in Figure 5.6b. In the DLS analysis, the mPAA-MPs are mostly
8.6 nm in radius with a small signal (0.1 mass%) of large aggregated particles at 3500
nm. The size distribution from the DLS is somewhat different from that in the GFC
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analysis, but it follows the same trend in that most of the particles are small and non-
aggregated with a small population of aggregated particles.

The size distribution analysis of the mPA A-MPs indicates that the resulting MPs
have a small hydrodynamic size compared to those in commercial superparamagnetic
nanoparticles with dextran and phospholipid coating.’ In addition, the stability of the
mPAA-MPs is significantly higher because they are stable in the PBS solution for
extended periods as long as six months without changes in their size. Given these
properties, the mPAA-MPs are suitable for many experiments and especially for MRI
sensing, which requires MPs of small size and high stability.

Functionalization of the mPAA-MPs is another aspect that needs to be considered.
In order for the MPs to be used, the surfaces of the MPs have to be active for
functionalization without changing the size and their stability after conjugation with new
molecules. In this mPAA system, the carboxylic groups on the surface of the MPs can act
as active functional groups, but the functionalization has to be limited because the
solubility of the MPs can be reduced and the aggregations are observed when large ratios
of carboxylic groups are converted. Moreover, in many cases, the carboxylic group is not
compatible with the available functional groups in the proteins or molecules of interest.

The other functional group that is widely used for conjugation is the amine group.
In many cases, the amino group is more compatible than the carboxylic group in some
specific conjugations. In order to introduce an amino group into the mPAA-MPs without
losing the MPs’ stability in water with the decrease in carboxylic groups, a polyethylene
glycol (PEG) chain was employed to help maintain stability. As mentioned in Chapter 3,
PEG is known to be hydrophilic and can maintain the stability of nanoparticles in water-
based solutions. Another reason for including a PEG chain in the amino-functionalization
process is that the PEG chain can increase the space between the MPs and the amino
group, leading to less steric hindrance for the conjugation with the amino group at the end
of the PEG chain.

The mPAA-MPs can be functionalized to have an amino group available for
conjugation with other molecules of interests. Here we introduce the amino group onto
the mPAA surface by means of an EDC coupling reaction between the carboxylic groups

of mPAA-MPs and diamino-PEG as shown in the scheme in Figure 5.7
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Figure 5.7 Reaction scheme for applying amino-PEG groups onto mPAA-MPs.

The reaction for introducing amino groups onto mPAA-MPs surfaces proceeded
at room temperature in the PBS solution for 6hours. The large excess (20x equivalent) of
diaminoPEG (600 Da molecular weight) was added to the reaction mixture in order to
prevent cross-linking between the MPs. The EDC and sulfo-NHS were added to facilitate
amide bond formation between the carboxylic group of the mPAA and amino group on
one end of the diaminoPEG, leaving the amino group at the other end as an available
functional group. Six hours after reaction, the excess diaminoPEG and other by-products
were removed from the reaction mixture by means of thorough dialysis using a
centrifugal filter with a 50 KDa molecular weight cut-off membrane. The resulting
amino-functionalized mPAA-MPs were kept in a PBS solution for further use.

The resulting amino-functionalized mPA A-MPs were tested to verify the
availability of the amino group by being reacting with fluorescamine. The fluorescent
product detected from the reaction of the MPs with fluorescamine indicates that this
conjugation procedure can yield mPAA-MPs with available amino groups for further
conjugations.

Size distributions of the MPs after they were functionalized with diaminoPEG
were analyzed by TEM (Figure 5.8b) and DLS (Figure 5.8c). The TEM images show
that the amino-functionalized mPA A-MPs are similar to the mPAA-MPs before the

116




functionalization with diaminoPEG in that the size distribution of MP cores still does not
change from that of the MP cores before the mPAA coating and amino-functionalization
(Figure 5.8a). Also, there is no aggregation and excess PEG and by-product molecules
observed in the TEM images in Figure 5.8b. This finding indicates that the

functionalization process has little or no effect on the MP cores and the stability of the

mPAA-MPs.
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Figure 5.8 (a,b) TEM images of amino-functionalized mPAA-MPs (b) compared
to that of the MPs before being coated with mPAA (a); and (c) size distributions
of the mPAA measured using a DLS instrument.

Size distribution of the amino-functionalized mPA A-MPs was also determined by
DLS analysis. The size distribution of the MPs is shown in Figure 5.8c. The DLS
analysis showed that the hydrodynamic size of the mPA A-MPs after being functionalized
with diaminoPEG was a few nanometers larger than that of the original mPAA-MPs. The
increase in the size is likely due to the attachment of a long PEG chain onto the MP
surfaces. The DLS also showed no observable aggregation of the MPs even after the
functionalization. This result suggests a high stability of the mPAA-MPs, implying that
they are suitable for applications that require small MPs with high stability.

Another property of the MPs that is important for biological applications is their
high T2 relaxivity for being a good T2 contrast agent. The relaxivity of amino-
functionalized mPA A-MPs was measured and compared to the relaxivity of other

commercial T2 and a currently used contrast agent as displayed in Table 5.1.°
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Table 5.1 Properties of amino-functionalized mPAA-MPs compared to commercial T2
contrast agents.9

Name U Swice  pene hrmamic m

(nm) (mM s)
Fe(ll‘:uer:li(()i);i:)es :;Z (2)(4)’3 Dextran 4.96 160 120
F?;::;B?sttr)an FeO, 4 60 186
lzgr:nr:lb()i);::;l Fe304 Dextran 5.85 35 65
ml;‘xgn/il-lfc\)';Ps v-Fe,0, anrﬁlr:oAIfEG 7 20 260

Compared to currently used and commercial available T2 contrast agents, the
mPAA-MPs are superior in that they are smaller in hydrodynamic size and much higher
in T2 relaxivity. The smaller size of the MPs compared to other systems comes from the
nature of the mPAAs: they are more compact and smaller in molecular weight than the
dextran coatings. The rise in T2 relaxivity originates from the high magnetization of the
MP cores because they are synthesized using a solvothermal process, leading to higher
crystallinity and higher magnetization than those MP cores synthesized in low-
temperature aqueous systems. Moreover, as mentioned earlier, because the surface
modification process has minimal effects on the MP cores, the magnetization of the MP
is likely to remain high. In addition, the mPAA-MPs are functional as they contain both
carboxylic groups and amino groups for further conjugations.

The mPAA-MPs with small size, high T2 relaxivity, and availability of functional
groups on the surface are suitable for biological applications. As mentioned in the first
section of this chapter, one of the applications for these MPs is use in MRI calcium-
sensing. The next section discusses the conjugation of the mPAA-MPs with the protein

for calcium-sensing.
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5.4 Bio-conjugation of the mPAA coated MPs
(This work is done in collaboration with Tatjana Atanasijevic, Jasanoff Group,
Department of Nuclear Engineering, MIT)

Conjugation of the mPAA-MPs to proteins of interest is one of the critical steps in
making use of the resulting MPs. This section focuses on the proteins calmodulin (CaM)
and peptide RS20 in order to reach the goal of using mPAA-MPs as a contrast agent for
MRI sensing. However, the technique and conjugation scheme used here can be readily

applied to other systems.
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Figure 5.9 Schematic representation of the bio-conjugation of mPA A-coated
MPs.

The reaction scheme for the conjugation of the mPAA-MPs to calmodulin
and peptide RS20 is shown in Figure 5.9. The conjugation is based on the use of a cross-
linker molecule, maleimide-PEG-NH; (Creative PEGWorks, Inc, 2000 Da molecular
weight), which forms an amide bonding with the carboxylic group and leaving the
maleimide group for further conjugations with the MPs. The amide bonds between
carboxylic groups of the mPAA and amino groups of the cross-linker molecule were
formed in the presence of EDC and sulfo-NHS. The CaM and RS20 are chemically-
modified to possess available thiol groups. The coupling between maleimide and thiol

groups leads to the conjugation of the MPs with CaM and RS20.The reaction mixtures
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were then purified by means of centrifugal dialysis. The control groups for this
conjugation were performed without addition of the cross-linker molecules in order to
illustrate the non-specific binding of the biomolecules to the mPAA-MPs.

The protein conjugations to the MPs were monitored by using a UV-visible
spectroscope. For the conjugates, both bio-molecules (CaM and RS20) have strong
absorption at around 280 nm and show their absorption features in addition to the MP
absorption spectra. The absorption spectra of the MP-biomolecule conjugates are shown
in Figure 5.10.

The absorption spectra of the MP-CaM conjugate in Figure 5.10a suggest that the
conjugation between the MPs and CaM using this reaction scheme was successful
because the strong absorption feature of CaM was observed to be significantly higher
than that for the control group. However, when comparisons were made between the
absorption spectra of mPAA-MPs and that of the control mixture of mPAA-MPs and
CaM, non-specific binding of CaM to the MPs was clearly observed.

In the case of the MP-RS20 conjugate, the non-specific binding of RS20 to the
MPs is more severe, as the absorption feature of the RS20 was nearly equally observed in
the conjugate and in the control mixture. The increase in non-specific binding of RS20
compared to that of CaM probably arises from the highly positively-charged nature of the
RS20, as can be seen from its peptide sequences in Figure 5.1.

The conjugates of MP-CaM and MP-RS20 cannot function in the MRI calcium-
sensing experiment because they did not agglomerate and form MP clusters in the
presence of calcium as proposed. The loss of sensing activity probably arises from the
fact that the non-specific binding of the CaM and RS20 to the MPs blocks the active sites
of CaM and RS20 because the conjugating sites of the MP are no longer controllable. The
modification to reduce the non-specific binding must be done before the mPAA-MP

system can be useful in this type of experiments.

120



— mPAA-MPs+CaM (reaction)

— mPAA-MPs+CaM (control)
— mPAA-MPs

5

Absorbance (A.U.)

7

300 400 500 600 700
Wavelength (nm) a

— mPAA-MPs+RS20 (reaction)

— mPAA-MPs+RS20 (control)
— mPAA-MPs

1

AIRomsAnes (kD)

300 400 500 600 700
Wavelength (nm) b

Figure 5.10 Absorption spectra of the MPs conjugation with a) camodulin and b)
RS20 peptide.

This bio-conjugation study suggests that the mPAA-MPs are not suitable for
biological experiments involving high concentrations of proteins. The highly negatively
charged surfaces of the mPAA-MPs are probably the main reason for their proneness to
protein-non-specific binding. Reducing the negative charge while maintaining the

stability of the MPs could be the solution for the mPAA-MP systems with low non-
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specific binding. However, the development of other surface modifications for MPs
discussed in the next chapter may create other candidates for application in biological

systems.

5.5 Conclusion

Surface modification of MPs using hydrophobically-modified polyacrylic acid
(mPAA) yields MPs that are transferrable into, and stable in, water-based solutions. The
mPAA-MPs are superior to the commercial and currently used T2 contrast agents in that
they are small and have very high T2 relaxivity. The stability of the mPAA-MPs in
water-based solutions is also significantly high in terms of long-term storage and further
surface modifications.

The limitation of these mPAA-MPs systems is that their stability in water is based
on the negative charges on their surfaces. Therefore, the mPAA-MPs are not stable at low
pH and tend to aggregate at pH lower than 5. Also, the highly negatively charged
surfaces lead to protein and biomolecule non-specific binding. Making surface
modifications to reduce the charge while maintaining the stability and the hydrodynamic
size is one possible approach to improve the mPAA-MPs systems. However, there are
also possible approaches for making MPs with small hydrodynamic size, high stability

and minimal protein non-specific binding, which are discussed in Chapter 6.
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Chapter 6
Surface Modification of Iron Oxide Nanoparticles

using Catechol-derivative Surfactants

6.1 Introduction

As mentioned earlier, it is very useful for biological applications to have iron
oxide MPs with high magnetization, high T2 relaxivity, high stability in water and
physiological environment. The MPs with these properties can be even more interesting
when they have the ability to be functionalized with molecules and proteins of interest.
Moreover, for a longer circulation time in vivo and faster response in MRI-sensing
applications,' the MPs also have the smallest possible hydrodynamic sizes. However, all
of these properties are not readily satisfied in commercially available and currently used
MPs systems.

Chapter 5 discusses one approach to making MPs with a high magnetic moment,
high T2 relaxivity, high stability, available functionality, and small size. However, one of
the main drawbacks of the mPAA systems for stabilizing and functionalizing the MPs is
the highly negative charges on the surface of the final MPs, which make their surfaces
prone to protein non-specific binding.

Moreover, the MPs with mPAA on their surface are stabilized using the nature of
oil-in-water micelles. These micelles are very sensitive to the changes in the solvent and
concentration. Once formed and stabilized in water, the MPs are very difficult to transfer
or mix into other solvents, even into a high-polarity solvent such as methanol or DMF.
With subtle changes in the polarity of the solvent, the micelles of the MPs can be
ruptured; then the hydrophobic MP cores lose their colloidal stability and become
aggregated.

To move away from using the mPAA and other micellar approaches to make
water-stable MPs, we are interested in direct surfactant-exchanging approaches. We can
change the polarity and functionality of the MPs by replacing the native oleic acid ligand
on as-synthesized MPs with new surfactants with an equal or stronger ability to bind to
the MP surfaces, as described in Chapter 3. Previous studies show that many surfactants

have a high ability to attach and stabilize on iron oxide MP surfaces both found in nature
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and rendered using chemical approaches.” The structures of some of these surfactants
are shown in Figure 6.1.

As indicated in Figure 6.1, the potential functional groups that bind firmly to the
iron oxide MPs are mostly carboxylic and catechol groups. Another observation is that
some of these surfactants have multiple binding groups in their molecules, leading to the
ability of the surfactant to form chelation on the MP surfaces. It is also reported that the
catechol group tends to bind strongly to iron, due to the stability of the five-member ring
of the resulting complex.? After review of the results from the literature> and some of
our initial experiments, the catechol group was chosen to serve as the binding group for

our new types of surfactants.

HOOC SH
D\ Hooc/\/COOH
HOOC COOH SH
1,2, 4-benzenetricarboxyic acid meso-2,3-dimercaptosuccinic acid
HO NH,
COOH HO
HO+-COOH .
HOOC NH, COOH dopamine
4-aminophthalic aicd citric acid
AN H !NHZ
HO COOH
HOOC COOH H OOC/\)\COOH
glutaric acid L-glutamic acid HO NH,
HOOC COOH HzN/\/\/\COOH
2,6-diaminopimellic acid L-lysine

Figure 6.1 Molecules with observed ability to bind onto iron oxide surface.

Our initial experiment to explore the ability and stability of the catechol-
derivative surfactants was done using the commercially available carboxylic derivative of
the catechol, hydrocaffeic acid (HCF, structure shown in Figure 6.2a) as a new surfactant.
The HCF surfactant exchanging was processed at 75 °C in methanol for replacing the
native oleic acid with HCF (Figure 6.2b). The TEM images showed that the MPs with
HCF on their surface (Figure 6.2d) did not show any feature suggesting any aggregations
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when compared to the MPs with the native oleic acid (Figure 6.2c.) Moreover, the DLS
measurement (Figure 6.2¢) showed a reasonably small hydrodynamic size of these new
MPs.

These results are promising as the MPs can be then transferred into the water
phase without any aggregation observed in DLS and TEM images. The resulting MPs
suggest that the catechol group can replace the carboxylic group and can be stabilized on

the surface of the MPs.
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Figure 6.2 (a) Structure of hydrocaffeic acid; (b) surfactant-exchanging process
for applying HCF; (c,d) TEM images of the MPs (c) before and (d) after replacing
their surfactant with HCF; and (e) size distribution of the MPs with HCF
surfactant measured by DLS.

The problem that hindered HCF from being useful is its lack of functionality
because the carboxylic groups are needed to keep the MPs stable in water, inhibiting the
functionalization using the carboxylic group. Moreover, as discussed in Chapter 5, the
highly negatively charged MPs and the MPs with mPAA, as well as the MPs with this
HCF surfactant, have a strong tendency to bind to proteins nonspecifically, which

prevents them from being used in biological systems.
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Given these initial observations, we continue utilizing the catechol groups as the
MP-binding group in our new surfactants. The problem that needs to be solved is that we
have to design and modify our new surfactant to keep the non-specific protein-binding as
low as possible. We chose to include polyethylene glycol (PEG) and zwitterions in our

surfactants to serve this purpose.

6.2 Surfactants with mono-catechol and polyethylene glycol
(This work is done in collaboration with Dr. Jongnam Park)

Polyethylene glycol (PEG) groups are known to be hydrophilic and have low
protein non-specific binding.® PEG was previously studied and has been used with
nanoparticles both as a hydrophilic part of transferring nanoparticles to the water phase
and as a low-biofouling coating.®

PEG has been used with iron oxide MPs.* ” The resulting MPs coated with PEG
usually show significant stability in water-based media. However, some of these PEG-
MPs are very large due to the high molecular weight of the PEG used. Moreover, in some
of these works, the surfactants that were coated on MP surfaces, such as dextran and
phospholipid, are already considered large molecules even before being attached to PEG
molecules.”

Our surfactants were designed to combine a catechol group with a PEG group,
using catechol as a binding group for the MPs and PEG as hydrophilic group rendering
the MPs water-dispersible. The molecular weights of PEG were chosen to be just enough
to keep the MPs stable in water-based solutions in order to synthesize the MPs with the
smallest hydrodynamic size. The amino group is also included in the design in order for
the resulting MPs to have functional groups available for further conjugation with
molecules of interests.

The surfactant of similar design was reported earlier and used for iron oxide
MPs.*® However, the reported MPs with mono-catechol with PEG were synthesized in a
one-pot synthesis, resulting in surfactants of badly characterized.® We aim to improve the
synthesis process of these MPs by dividing the process into two steps: first synthesizing
and characterizing the surfactants and then applying the new surfactants through a

surfactant-exchanging process.
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Our mono-catechol with PEG was synthesized as shown in the scheme in Figure
6.3. The synthesis is based on forming the amide bond between hydrocaffeic acid (HCF)
and amino-PEG. To activate the carboxylic group, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) is used. This overnight reaction was done in
DMF at room temperature. The crude products were purified using a silica gel column

with dicholomethane (DCM) and methanol as eluents.
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Figure 6.3 General reaction schemes for synthesis of mono-catechol ligands.

The HCF-PEG surfactants were then applied to the oleic-acid MPs. The
surfactant-exchanging process was done in methanol at 75 °C for 16 hours in order to
replace the native oleic acid surfactant with an excess amount of HCF-PEG surfactants.
After the surfactant-exchanging process, the MPs were precipitated by adding butanol
and hexane into the methanol-based mixture. Oleic acid and excess HCF-PEG were then
discarded along with the supernatant. The precipitated MPs were briefly dried under a
vacuum and transferred into Phosphate Buffer Saline (PBS) solution and purified using
dialysis through centrifugal filters with a 50-KDa molecular weight cut-off membrane to
get rid of excess HCF-PEG. The surfactant-exchanging process is later improved to
achieve a higher yield of the MPs transferred into PBS and will be discussed in Section
6.3.2.

As mentioned earlier, we intended to use PEG with the lowest molecular weight
that could keep the MPs stable in water-based solutions in order to obtain the smallest
hydrodynamic size of the resulting MPs. The observations of the MPs with these HFC-
PEG surfactants of different PEG molecular weights appear in Table 6.1.The
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hydrodynamic diameters of the MPs were measured using dynamic light scattering (DLS)

analysis (Malvern instrument).

Table 6.1 Properties of some iron oxides MPs with mono-catechol ligands.

Ligands MW of PEG Appearancein  Hydrodynamic Diameter

(g/mol) PBS (nm)

HCF-PEG3-OMe 150 Aggregate

HCF-PEG12-OMe 600 Dispersible 22 nm

HCF-PEG16-OMe 800 Dispersible 23 nm

HCF-PEG40-OMe 2000 Dispersible 30 nm

HCF-PEG3-NH; 150 Aggregate

HCF-PEG8-NH; 400 Aggregate

HCF-PEG18-NH; 900 Partially dispersed 50 nm

Table 6.1 illustrates the direct relation between the molecular weight of PEG used
and the hydrodynamic diameter of the MPs. The larger the molecular weight of PEG, the
larger the hydrodynamic size of the MPs. In the case of methoxy-PEG, the smallest PEG
that can keep MPs dispersible into PBS is 600 g/mol, leading to the MPs of 22 nm in
hydrodynamic diameter. The TEM images of these MPs are shown in Figure 6.4.

A 4
Figure 6.4 TEM image of MPs with HCF-PEG12-OMe surfactants from PBS

solution.
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The TEM image in Figure 6.4 shows that the MPs with this HCF-PEG-OMe are
well dispersed in the water-based solution, and there is no appearance of aggregation as
we expected from their appearance in solution and from the DLS measurement. These
results indicate that the mono-catechol PEG surfactant can be utilized for making small
and water-stable MPs.

However, HCF with amino-PEG, which we intended to use for functionalization
of the MPs after they are transferred into water, turned out to have some problems. As
Table 6.1 shows, the MPs required larger amino-PEG to be dispersible into PBS, and the
MPs with HCF-PEG-NHj; appeared to be prone to aggregations. These results probably
occur because of the ability of the amino group to bind to MP surfaces and can lead to
cross-linking between MP particles. The HCF-PEG-NH, surfactants can be used only
with PEG of high molecular weight, or, for purposes of functionalization, the HCF-PEG-
NH, can be functionalized with molecules of interests before the surface-exchanging
process, which reduces the aggregations.

As shown in Figure 6.1, surfactants with more than one group binding to the MP
surfaces tend to be more strongly stabilized on the MP surfaces due to the chelating
effect. The mono-catechol PEG can be improved in term of their stability on the MP
surfaces by designing new types of surfactant molecules that have more than one catechol

groups on the same molecule. The next section focuses on this poly-catechol surfactant.

6.3 Surfactants with poly-catechol and polyethylene glycol

In the experiments in Sections 6.1 and 6.2,the catechol group has shown a
significant ability to bind strongly to the iron oxide MP surfaces, and PEG molecules
have seemed hydrophilic and able to bring the MPs into a water-based solution. This
section discusses surfactants with more than one catechol group because they are
proposed to chelate to the MP surfaces and bind to MP surfaces stably. The PEG
molecules are also included in this new type of surfactant to render water-dispersibility
and reduce protein non-specific binding when the new MPs are used in biological
systems. The schematic design of these new poly-catechol PEG polymer (PCP)

surfactants is shown in Figure 6.5.
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Figure 6.5 Schematic representation of a) the designed PCP ligand and b) MPs

after being modified with this surfactant.

The designed PCP surfactants are random co-polymers of the catechol-derivative
monomer and the PEG monomer; the functional group can be included in the designed
PCP surfactants by attaching them at the end of the PEG chain as shown in Figure 6.5a.
After these surfactants are applied to the MP surfaces, we propose that the catechol
groups bind to the MP in chelating fashion, leaving the PEG and available functional
groups on the outermost part of the MP surfaces. The proposed structure of these MPs
with PCP surfactant is shown in Figure 6.5b.

The process to obtain the MPs with this new surfactant is separated into two parts.
First, PCP surfactants are synthesized using Reversible Addition-Fragmentation chain
Transfer (RAFT) polymerization. Then the surfactant-exchanging process is performed in
order to replace the native oleic acid surfactant with these new PCP surfactants. The

details of these processes are discussed in Sections 6.3.1 and 6.3.2 below.

6.3.1 Synthesis of PCP surfactants

PCP surfactants are synthesized using the RAFT polymerization because this
process can give controlled polymerization. The polymers synthesized using the RAFT
polymerization process are found to have low polydispersity. Also, RAFT polymerization
allows predetermination of the molar mass of the polymer and allows the production of
complex architectures such as block copolyme:rs.9 These characters of RAFT

polymerization suit our needs for synthesizing the PCP surfactant.
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The synthesis of PCP surfactants is divided into two parts. First, a monomer with
catechol group and a monomer with PEG entities were separately synthesized. Then, the
monomers of interest were polymerized using the RAFT polymerization. Sections 6.3.1.1

and 6.3.1.2 discuss the details of both processes.

6.3.1.1 Monomer synthesis

Monomers that are needed for the polymerization contain acrylate or aryalmide
groups for the addition polymerization in the following step. The schemes for monomer
synthesis reactions are shown in Figure 6.7. The catechol monomer (Compound 1) is
synthesized by amide bond formation through nucleophilic acyl substitution of acryloyl
chloride by dopamine. The methoxyPEG monomer (Compound 2) is formed by
esterbond formation between acrylic acid and methoxyPEG using N, N’-dicyclohexyl-
carbodiimide (DCC) as an activating agent. The other two functional PEG monomers
(Compounds 3 and 4) are synthesized using similar reactions. The experimental details

are described below.

133



NH., H
N P N
| i fa) DMAP, NEt, «I \(\, \(\\
e N A )
ol %/l\c, THF.0'CORT. 20 | o g o
OH OH 1

(o]
- . OH DCC, DMAP o
~ E, -
‘{q O}/’-S\J * “\a_./lL- /o\{/\ 0}\,{ ﬁ

CH,Cl,, RT, 160 5 g5

P i
>'K > {'\,Ov*\ + 2 <ol NE‘J Xoj‘M*/‘
o ) N2 \)\c, THF, 0°Cto RT, 2h H

1. S0,MeCl, NEY, 1 05eqPPhy
) THF, 0 °C to RT, 16h THF, RT, 18h ‘ 1
HO\/\Q/\%OH i — N -Ax/ﬁo’\%’hl‘ - NN
' 22 2 NaNg el 2 Water : ‘22
DMF, 80 °C to RT, 16h 4 16h 5

CH.Ch, RT, 16h

o]
C, DMAP P 3
Compond§ * Ao s N’\/{O’\]’n{\
OH ;
6

Figure 6.6 Reaction schemes for synthesis of the monomers for the PCP ligands.

Experimental Details:

Materials and Instrumentation: All the chemicals were purchased from Sigma-
Aldrich and used without further purification except those indicated differently. The
solvents are all spectroscopic grade. In thin layer chromatography (TLC), all compounds
were visualized by iodine staining, amine-bearing compounds were stained by a
ninhydrin solution, and vinyl groups on acrylate-derivative compounds were visualized
by KMnOy staining. All the purification steps using flash column chromatography were
performed on a Teledyne Isco CombiFlash Companion. 'H-NMR spectra were obtained
from a Bruker AVANCE-400 NMR Spectrometer. FT-IR spectra were recorded on
Perkin-Elmer Model 2000 FT-IR spectrophotometer.
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Compound 1. Dopamine hydrochloride (1 g, 5.29 mmol), 4-dimethylamino-
pyridine (DMAP, 65 mg, 0.53 mmol), and acryloyl chloride (0.48 g, 5.29 mmol) were
dissolved into SO mL dried tetrahydrofuran (THF). The reaction mixture was stirred and
cooled down to 4 °C before triethylamine (0.17 g, 1.71 mmol) was added dropwise. The
reaction was monitored by TLC and was completed in 1h. The precipitated by-products
were then filtered out. THF was removed under reduced pressure. The reaction mixture
was then re-dissolved again into ethylacetate (25 mL) and was left for 30 min in ice-bath
to precipitate more of by-products. After filtered out to separate the precipitated by-
products, ethylacetate was removed in vacuo. The crude product was purified using silica
gel flash column chromatography (DCM/methanol gradient 100:0 to 5:1, v/v) and yields
a colorless oil product (0.4 g, 37% yield).

Compound 2. MethoxyPEG (2 g, 2.67 mmol, average MW 750 g/mol), DMAP
(36 mg, 0.29 mmol), and acrylic acid (0.21 g, 2.9 mmol) were dissolved in 100 mL
dichloromrthane (DCM). The solution were cooled down to 4 °C in an ice bath and then
added a 10 mL solution of N, N’-dicyclohexyl-carbodiimide (DCC, 0.6 g, 2.9 mmol) in
DCM dropwise. The reaction mixture were stirred at room temperature for 16h.
Precipitates were removed by filtration and the solvent was evaporated using rotary
evaporator. Ethylacetate (50 mL) was added for further precipitating of the by-products,
and the filtration-evaporation steps were then repeated once more. The crude product was
purified using silica column (DCM/methanol gradient 100:0 to 5:1, v/v) and yields a
colorless oil product (1.07 g, 50% yield).

Compound 3. O-(2-Aminoethyl)-O’-[2-(Boc-amino)ethyl]decaethylene glycol (1
g, 1.55 mmol) and acryloyl chloride (0.842 g, 9.30 mmol) were transferred into 50 mL
dried THF. The reaction mixture was cooled down to 4 °C before triethylamine (0.17 g,
1.71 mmol) was added dropwise. The reaction was monitored by TLC and was
completed in 1 h. The precipitated by-products were then filtered out. THF were removed
under reduced pressure. The reaction mixture was then re-dissolved again into
ethylacetate (25 mL) and was left for 30 min in ice-bath to precipitate more of by-
products. After filtered out to separate the precipitated by-products, ethylacetate was

removed in vacuo. The crude product was purified using silica gel flash column

135



chromatography (DCM/methanol gradient 98:2 to 9:1, v/v) and yields a colorless oil
product (0.7 g, 65% yield).

Compound 4. The synthesis of Compound 4 was modified from previously
reported procedure.'® PEG (43.75 g, 43.75 mmol) and methanesulfonylchloride (11.53 g,
100.5 mmol) were dissolved in 220 mL dry tetrahydrofuran (THF). The reaction mixture
was then cooled to 4 °C in an ice bath and then added 15 mL of triethylamine dropwise.
The reaction mixture was stirred at room temperature for 12h. The precipitates of by-
products were filtered out and the THF was removed in vacuo. 300 mL of N, N’-
dimethylformamide (DMF) was added to the dried product. Sodium azide (7.75 g, 120
mmol) was added to the reaction mixture and then the reaction mixture was heated under
reflux setup at 90°C for 12h. The excess of sodium azide was filtered out and then DMF
was removed in vacuo. The product was re-dissolved in100 mL. DCM and the leftover
sodium azide was removed by extraction using 20 mL 2M sodium chloride solution. The
water phase was then back-extracted with 150 mL chloroform. The combined solution of
DCM and chloroform fractions was removed the solvents in vacuo. The product was
clear yellow oil (38 g, 80% yield) and used without further purification.

Compound 5. The synthesis of Compound 5 was modified from previously
reported procedure.lo Compond 4 (38 g, 35 mmol) was dissolved in 200 mL of THF.
Triphenylphosphine (9.21 g, 35 mmol) in 50 mL THF was added into the reaction
mixture dropwise under nitrogen atmosphere. The reaction mixture was stirred at RT for
16h, and then added 2 mL of deionized water and stirred for another 16h at room
temperature. THF was then removed using rotary evaporator and the crude product was
dissolved in 150 mL methanol. The methanol solution was washed with hexanes in order
to remove by-products and methanol was then removed in vacuo. The crude product was
purified using silica column (DCM/methanol gradient 100:0 to 5:1, v/v) and yields a
slightly yellow oil product. The percent yield was not calculated as the column has been
done in separated multiple times due to the large amount of the crude product.

Compound 6. Compound 5 (3.24 g, 3.07 mmol), DMAP, (83 mg, 0.67 mmol),
and acrylic acid (0.49 g, 6.76 mmol) were dissolved in 100 mL dichloromethane (DCM).
The solution was cooled down to 4 °C in an ice bath and then added a 10 mL solution of

DCC (1.27 g, 6.14 mmol) in DCM dropwise. The reaction mixture was stirred at room
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temperature for 16h. Precipitates of by-products were removed by filtration and the
solvent was evaporated using rotary evaporator. Ethylacetate (50 mL) was added for
further precipitating of the by-products, and the filtration-evaporation steps were then
repeated once more. The crude product was purified using silica column (DCM/methanol

gradient 100:0 to 5:1, v/v) and yields a slightly yellow oil product (1.8 g, 53% yield).

6.3.1.2 Polymerization of PCP surfactants

The polymerization of the monomers from the previous section was performed
using the RAFT polymerization. The schemes for syntheses of PCP surfactants are shown
in Figure 6.7.

The PCP surfactants that were mainly used and discussed here are the PCPs with
only methoxyPEG (Compound 8), with methoxyPEG and aminoPEG (Compound 9) and
with azidePEG (Compound 10). The main interest in Compound 8 came from the fact
that this PCP is the most inert PCP as it lacks any functional group and could be a good
model for studying the properties of the PCP in term of stability of the surfactant without
interference from the functional groups. The Compounds 9 and 10 are of interest as they
bear available functional groups for further conjugation to other molecules such as dyes
and proteins. In the case of Compound 9, the PCP not only consists of an aminoPEG
monomer, but must also include the methoxyPEG monomer in the polymer. The PCP that
comprised only aminoPEG and catechol monomers gave poor ability to transfer the MPs
into water-based solution and was not useful. The poor water dispersibilty of the MPs
with these entirely amino-PEG PCPs is most likely due to the ability to bind to the MP
surfaces of the amino group itself, which leads to the cross-linking between MPs and the
poor dispersibility of the MPs. In contrast, Compound 10, which is composed entirely of
azidePEG and catechol monomers, has the ability to transfer MPs into a water-based
solution similar to Compound 8.

The PCP surfactants were prepared by radical addition polymerization using
azobisisobutyronitrile(AIBN) as a radical initiator. The RAFT reagent (Compound 7) was
synthesized by Wenhao Liu using a previously reported procedure.'' The reaction was
performed under air-free conditions in DMF. The experimental details are described

below.
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Figure 6.7 Reaction schemes for RAFT polymerization for the synthesis of the

PCP ligands.




Experimental Details:

Materials and Intrumenstation: All the materials and instrument were as
described in Section 6.3.1.1. The molecular weights of the PCP surfactants were
determined in DMF solutions on an Agilent 1100 series HPLC/GPC system with three
PLgel columns (103, 104, 105 A) in series using narrow polystyrene standard.

Compound 8. Monomer 1 (4.5 mg, 0.02 mmol) and Monomer 2 (73 mg, 0.09
mmol) were dried under vacuum and dissolved in dried DMF (30 pL) in a 1 mL glass
ampule. RAFT agent (Compound 7, 1.44 mg, 5 pmol) and AIBN (0.8 mg, 5 pmol) were
added into the reaction mixture. The reaction mixture was then degassed through three
cycles of freeze-pump-thaw process. The ampule was sealed with flame under vacuum,
and the reaction mixture was then incubated in 70 °C oil bath for 2h. The PCP Compound
8 was then used without purification.

Compound 9. Monomer 1 (6.2 mg, 0.03 mmol), Monomer 2 (75 mg, 0.09 mmol),
and Monomer 3 (17 mg, 0.03 mmol) were dried under vacuum and dissolved in dried
DMF (30 uL) in a 1 mL glass ampule. RAFT agent (Compound 7, 1.96 mg, 6.8 pmol)
and AIBN (1.1 mg, 6.8 umol) were added into the reaction mixture. The reaction mixture
was then degassed through three cycles of freeze-pump-thaw process. The ampule was
sealed with flame under vacuum, and the reaction mixture was then incubated in 70 °C
oil bath for 2 h. The reaction mixture was added 4M hydrochloric acid in dioxane (0.5
mL) at RT for 1h in order to remove the t-Butyloxycarbonyl (Boc) protecting group.
Dioxane was removed under vacuum. The pH of final PCP product was adjusted to pH 6-
7 using 1 M sodium hydroxide in methanol. The PCP surfactant was then used without
further purification.

Compound 10. Monomer 1 (6.21 mg, 0.03 mmol) and Monomer 6 (133 mg, 0.12
mmol) were dried under vacuum and dissolved in dried DMF (30 pL) in a 1 mL glass
ampule. RAFT agent (Compound 7, 1.96 mg, 6.8 umol) and AIBN (1.1 mg, 6.8 umol)
were added into the reaction mixture. The reaction mixture was then degassed through
three cycles of freeze-pump-thaw process. The ampule was sealed with flame under
vacuum, and the reaction mixture was then incubated in 70 °C oil bath for 2 h. The PCP

Compound 10 was then used without purification.
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The molecular weights and size-dispersity of the PCP surfactants were determined
using gel permeation chromatograph (GPC) with a refractive index detector. The typical
GPC traces of the PCP polymers are shown in Figure 6.8. The GPC chromatogram shows
that the molecular weights of a typical PCP polymer using the same equivalents of RAFT
and AIBN are in the range of 17-25 KDa. As Figure 6.8 shows, the trend of molecular
weight is in the following order: Compound 10 > Compound 8 > Compound 9. The trend
has a direct relation to the molecular weight or the PEG chain of the monomers used in
each polymer, which are Monomer 6 > Monomer 2 > Monomer 3. Another calculation
obtained from the GPC trace is that the polydispersity indexes (PDIs) of these PCP
polymers falls in the range of 1.1-1.3, which is considered a narrow size distribution. This
observation indicates that the RAFT agent functioned properly in these reaction

conditions.

Compound
]| ———Compound 10

RI Detection (A.U.)

10 20 ) %
Retention Time (min)

Figure 6.8 Chromatogram from Gel Permeation Chromatography column of the

PCP polymer.

Using the molecular weight of the PCP polymers, which range from 17-25 KDa,
the number of monomers, functional groups and catechol binding groups per polymer
molecule can be calculated. As an example, Compound 9 of 17 KDa has a molecular

weight composed of 26 monomer units, 5 of which are catechol monomer units, and 5 of
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which are animoPEG monomer units. Using the calculation, the proposed structure of
PCP surfactants (Figure 6.5) can be achieved, which leads to the possibility for the
surfactant to bind to MP surfaces in a chelating fashion.

The PCP polymers were obtained using the RAFT polymerization discussed
above. The surfactant-exchanging process, the other equally important step for obtaining

the MPs with PCP surfactants, is discussed in the next section.

6.3.2 Surfactant-exchanging process

The surfactant-exchanging process is one of the important steps in obtaining a
good quality of the MPs with PCP surfactant. The aggregations of MPs in water-based
solution can be observed when the surfactant-exchanging process is not completed.

As discussed in Section 6.1, the common process for the surfactant exchange was
performed in a one-step reaction. In this one-step process, the solvent that was chosen to
be the medium cannot disperse both hydrophobic MPs and hydrophilic surfactants at the
same time. For example, methanol, which is used as a medium for the one-step
surfactant-exchanging process, cannot disperse the oleic acid-coated MPs at the
beginning of the process. Instead, the MPs started to be dispersed in methanol after the
exchanging proceeded for some time and the MPs had enough new hydrophilic surfactant
on their surfaces. This problem can lead to the aggregation of the MPs in water because
the MPs were already aggregated at the beginning, and re-dispersing every MP could be
too difficult.

Another problem with the one-step surfactant exchanging process is that the
native oleic acid is easily re-bound to the MP surface. Since the surfactant exchanging
process is based on equilibrium, the new surfactants were replaced by adding an excess
amount of the new surfactants to drive the equilibrium toward the MPs with mainly new
surfactants on their surfaces. The drawbacks of this process are that the new surfactants
are usually too valuable to use in great excess and in some cases the new surfactant is
more bulky and less accessible than the oleic acid, so it cannot replace the oleic acid

efficiently.
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The two-step surfactant-exchanging process was used in order to solve the
previous problem with the one-step process. The scheme for this process is shown in

Figure 6.9.

Q
[ R T ¢
- 0 - . OH
Hydrophobic i RERAECH Methanol-Dispersible Compound 8,9 or 10 Hydrophilic
MP . MPs _— MPs with PCP ligands
s DMF, 70 °C. overnight DMF, 70 “C, overnight

Figure 6.9 Schematic representation of the surfactant-exchanging process.

This two-step surfactant-exchanging process employs a new intermediate
surfactant, mPEG-acetic acid (nPEG-AcOH). This new surfactant is cheap and
commercially available, so it can be added in great excess compared to the native oleic
acid. Also, it is small in terms of molecular weight and can gain access to MP surfaces
more readily than bulky molecules. In addition, the hydrophilicity of this surfactant is
intermediate and can readily disperse the MPs with oleic acid. Due to these properties, we

chose the mPEG-AcOH for use as an intermediate surfactant.

6.3.3 Physical properties of the MPs with PCP surfactants

After the surfactant-exchanging process, the resulting MPs with PCP surfactants
were characterized using various methods, including TEM and DLS for size distribution,
magnetization, and T2 relaxation.

MPs with Compound 8 are first characterized because they are free of other
functional groups that can interfere with the size distribution. As the TEM images and the
DLS data show (Figure 6.10), the MPs with PCP 8 are well-dispersed. The TEM images
of the MPs before (Figure 6.10a) and after applying new surfactant (Figure 6.10b) are
similar in term of size distribution and no appearance of aggregation. Also, the sizes of
the MP cores in both cases are similar, indicating that this PCP surfactant did not etch
away the iron oxide materials, a phenomenon some previous work suggested might occur

when using catechol-derivative as a surfactant.”
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Figure 6.10 Size distributions of MPs with PCP ligand 8 using TEM (b)

compared to MPs with oleic acid ligands of the same MP cores (a) and using DLS

(c).

The size distribution from DLS measurement (Figure 6.10c) showed results in
agreement with the observation from TEM images. The DLS also indicated that there is
no observable aggregation as there is no other signal or long, large tail in the size
distribution curve. In addition to the TEM images, the hydrodynamic size from the DLS
analysis showed that the MPs with this surfactant are 18 nm in hydrodynamic diameter,
which is relatively small considering the size of the PEG chain used in this PCP.

The results from both TEM and DLS measurement are very promising because
they indicate success in applying these new PCP surfactants to the MP surfaces and
stabilizing the MPs in a water-based solution. The next challenge is to incorporate
functional groups onto the MP surfaces in order to make them useful for further
conjugation with other molecules. This challenge comes from the fact that many

functional groups can interact with the MP surfaces. With the hindrance from the large
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PEG chain, the strong binding ability of the catechol group and the chelating fashion of
the surfactant, attaching functional groups onto the MPs could be achieved.

The amino-functionalized PCP Compound 9 is the first PCP with a functional
group that was applied to MP surfaces because the amino group is one of the most
common and widely used functional groups for conjugation. After the surfactant-
exchanging process, the resulted MPs were well dispersed into PBS and show similar
appearances, as in the case of MPs with Compound 8, such as they can be easily filtered
through a 200-nm filter membrane (HT Tuffryn Membrane, Acrodics, Inc.). The MPs
were then characterized using TEM and DLS analysis as Figure 6.11 shows.

From the TEM images and the DLS data (Figure 6.11), the MPs with PCP 9 are
dispersible into PBS with some small degree of aggregation. TEM images of the MPs
with the new surfactant (Figure 6.11a) show some appearance of aggregation as is seen as
an irregular stacking of the MPs on the TEM grid. Also, the size distribution from DLS
measurement (Figure 6.11b) shows that the MPs with this surfactant are significantly
larger in hydrodynamic size (32 nm in diameter) than that with PCP 8, and aggregation
tails are observed from the size distribution curve.

This aggregation character of the PCP 9 is foreseeable because this surfactant
contained an amino group. The amino group is known for its ability to bind to MP
surfaces, so the aggregation due to the cross-linking between MP particles would be
possible. However, the degree of aggregation is low enough and the MPs are still stable
in PBS and still useful in the systems when MPs in water-based with amino group are
needed without the demand for ultra-small nanoparticles. The hydrodynamic radii of the
MPs with amino-PCP are still comparable and smaller than many commercially used T2

contrast agents as shown in Table 6.2.'2
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Figure 6.11 Size distributions of MPs with PCP surfactant 9 using TEM (a) and
DLS (b), respectively.

Table 6.2 not only shows the size of the MPs with PCP surfactant, but also
compares the T2 relaxivity (R2), which is of interest in MPs for biological applications as
a T2 contrast agent. As Table 6.2 shows, compared to a commercial T2 contrast agent,
the MPs with PCP surfactant show superior properties in many aspects. First, in the case
of MPs with PCP8, the size of the particles is much smaller than the commercial contrast
agents. The size of the partially aggregated MPs-PCP 9 is also comparable to the smallest
contrast agent from the table, ferumoxtran. Also, the relaxivities of the MPs with both
PCP surfactants are on the high side and comparable to those commercial contrast agents.

These comparisons indicate that these new MPs are potentially useful.

145



Table 6.2 Properties of MPs with the PCP surfactant compared to commercial T2

contrast agentsl2

e iR e
(nm) (mM s)
Fi}“;’fi’;‘;es :;3::(“)’3 Dextran 496 160 120
Fe(r}l{l::;l;?st:; " FeO, Cdaéfﬁﬁﬁ ] 4 60 186
lzgg::&zg;;‘ Fe,0, Dextran 5.85 35 65
leé;v :h v-Fe,0,  Compound 8 7 18 135
M}SCS;V ;th Y-F 3203 Compound 9 7 32 195

In order to obtain the MPs with functional groups for future conjugation while
minimizing the aggregation, MPs with Compound 10 were studied as proposed to
substitute for the amino group in the case that aggregation is not compromised. The azide
group in this PCP 10 can be use for conjugation with a terminal alkyne through click
chemistry, which is discussed in Section 6.3.4. The MPs with PCP 10 are well dispersed
into PBS after surfactant-exchanging process and give an appearance similar to those of
MPs with PCP 8 and 9. The MPs were then characterized using TEM and DLS analysis
as shown in Figure 6.12.

As the TEM images and the DLS data show (see Figure 6.12), the MPs with PCP
8 are well dispersed. TEM images of the MPs with the new surfactant (Figure 6.12a)
show no appearance of aggregation. Size distribution from DLS measurement (Figure
6.12b) show that the MPs with this surfactant is small in hydrodynamic size (22-nm-
diameter) with little sign of large particles that could be eventually filtered out. The
smaller size of MPs compared to the PCP 9 is likely from the fact that the azide group
does not have the ability to bind to the MP surfaces as an amino group and the cross-
linking did not take place in this case. However, the size of the MPs with PCP 10 is
observably larger than the size of the MPs with PCP 8, which is 18 nm in diameter. One
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of the reasons for the larger hydrodynamic size of the MPs-PCP10 is that the PEG chain
that was used in PCP10 (PEG22) is larger than that used in PCP8 (PEG16). The PEG
molecules used in both cases were limited by the commercial source of the starting
materials. The azide-functionalized MPs with smaller size could be obtained when
smaller azide-PEG monomers were synthesized from different starting materials and used

in the PCP instead of the currently used Monomer 6.
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Figure 6.12 Size distributions of MPs with PCP ligand 10 using TEM (a) and
DLS (b), respectively.

Magnetization, another magnetic property of the MPs with PCP surfactants, was
also studied. This measurement is different from R2 measurement, which is affected by
many factors including the magnetization of the MPs, size of the MP cores, and
hydrodynamic size of the MPs-PCPs. Magnetization can provide more information on the

intrinsic magnetic property of the MP cores. The magnetizations of the MPs were studied
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during each step of the surfactant-exchanging process with PCP surfactants using the

SQUID magnetometer as discussed in Chapter 1; the results are shown in Figure 6.13.

100
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——— MPs as-synthesized

—— MPs after 1st surfactant-exchange (MPEGAcOH)
— MPs after 2nd surfactant-exchange (cpd 10)

Figure 6.13 Magnetization of the MPs before and after surfactant-exchanging

process.

The magnetization of the MPs in different stages of the surfactant-exchanging
process shows a total 22% decrease in their magnetization compared to that of the MPs
with the native oleic acid surfactant. The significant decrease was observed during the
first step in the surfactant-exchanging process, where the native oleic acid surfactant was
replaced by the mPEG-AcOH surfactant. This phenomenon can be explained in two
ways. First, the dissolution of the MPs and release of Fe** can cause the decrease in
magnetization of the MPs. However, this situation might not be the main reason for this
decreased magnetization because there is no significant decrease in the size of the MPs
observed in TEM images of the MPs before and after the surfactant-exchanging process
(such as those shown in Figure 6.10). Second, the decrease in magnetization could come
from the surface-canting effect.'® In this effect, the decrease of the magnetization comes

from the increase in the thickness of the disorder surface layer. The new surfactant could
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increase the thickness of this surface layer and result in the decrease in the magnetization
of the MPs.

Even though some decrease appears in the magnetization of the MPs with PCP
surfactants, when the magnetization of these MPs is compared to that of to other T2
contrast agents, these MPs still have a comparable magnetization as shown in Table 6.3.
With the exception of the FeNP case, in which the stability relative to oxidation in
physiological environments was highly possible for long-term uses, our MPs are still high
in their magnetization. From this table and the relaxivity in Table 6.2, the MPs with new
PCP surfactants have shown to have satisfying magnetic properties as contrast agents and
are potentially useful.'? The next section discusses other aspects of these MPs, their

functionality and their availability for conjugations.

Table 6.3 Magnetization of magnetic nanoparticles used as T2 contrast agent compared

to the MPs with PCP ligands.

Name Cor.e Surface Diameter of Magnetization
Materials
Core (nm) (emu/g Fe)
Ferumoxides Fe O,
(Feridex) y-Fe203 Dextran 4.96 45
Ferumoxtran Fe O Dextran
(Combidex) 374 5.85 61
CLIO-Tat Fe304 Dextarn 5 60
FeNP a-Fe PEG 10 70
MPs with PCP 10 Y'F6203 Compound 10 7 63

6.3.4 Conjugations of the MPs

As mentioned in Section 6.3, one of the goals for using these PCP surfactants for
the MPs is that the design of PCP surfactants can include the available functional group
on MP surfaces. After discussion in previous sections that the other properties including
stability in water, and high T2 relaxivity of the MPs with PCP surfactants are satisfied,
this section focuses on the functionality of the MPs. The functionality of the MPs was
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tested by conjugating them with dyes through different chemistries depending on the
functional group on the MPs. The reason for using dye molecules for studying the
conjugation is that the fluorescence from the dye can be easily detected and used to verify
the success of conjugations.

The first conjugation chemistry was explored with the MPs with an amino-
functional group. The MPs with PCP 9 were conjugated with 5-carboxy-X-rhodamine N-
succinimidyl ester (ROX-NHS) in PBS solution as in the scheme shown in Figure 6.14a.
After thorough purification using dialysis through a centrifugal filter with a cut-off
molecular weight of 50 KDa, the excess dye molecules were filtered through the
membrane and discarded. The resulting MPs-ROX dye conjugate was then analyzed
using UV-Vis absorption and emission spectrophotometers. The absorption and

fluorescence spectra of the conjugate appear in Figures 6.14b and c, respectively.

(a] (b]
NH, ’
1600
o . 3 g
Rl - +\rN_ Mes ROX YR 3 3 e
. 0 > 1000 |
NH; O 2 5 800
! 3 o
£ a0
0 200
300 400 500 600 700 0:
” Wavelength (nm) e ;30 suol ( n:::; 70
5 o]
ﬂ‘ —— MPs Before Conjugation
"'NHJL”“' ROX dye —— ROX _ —— Emission from excitation
—— MPs-ROX conjugation at570 nm

Figure 6.14 Conjugation of MPs with PCP 9 ligand (a) the reaction scheme, (b)

UV-Vis absorption and (c) fluorescence spectra of the rhodamine-MP-conjugate.

The absorption and fluorescence spectra of the products reveal that the
conjugation between the amino-functionalized MPs and the ROX-NHS successfully took
place. The absorption spectra in Figure 6.14b show that the absorption of the conjugate
shows significant absorption features of the dye molecules, as well as the detected dye
fluorescence in Figure 6.14c. This observation indicates that the amino groups on the MP
surfaces are still available for conjugation even though, as discussed in previous section,

there were hints that the amino group can bind directly to the MP surfaces. However,
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from the calculation using the absorption coefficient of the dye and the MPs, the degree
of conjugations is still low, as it was calculated to have ~4 dye molecules per MP or ~4
active amino groups per MP for this conjugation condition. These results suggest that the
MPs with the amino group using PCP 9 as a surfactant could be useful to some extent in
the system that needed water-stable MPs with functional amino group but did not require
an ultra-small hydrodynamic size.

The other functional group that was explored is the azide group. The azide group
is known and used for conjugation with a terminal alkyne group through the
cycloaddition reaction or click chemistry. This reaction processed in the presence of
copper(]) as a catalyst for the reaction and yielded 1,2,3-triazole as the product. The
scheme for this reaction is shown in Figure 6.15a. For the conjugation of the MPs with
PCP 10, the alkyne-functionalized Alexa Fluor 488 dye was used to conjugate with the
MPs. After a thorough purification using dialysis through a centrifugal filter to filter out
the excess dye, the resuiting MPs-Alexa Fluor 488 dye conjugate was analyzed using
UV-Vis absorption and emission spectrophotometers. The absorption and fluorescence
spectra of the conjugate are shown in Figure 6.15b and c, respectively.

The absorption and emission spectra of the resulting MPs indicate that the
conjugation between dye and the MPs proceeded successfully. The absorption spectra
show the absorption feature of the dye clearly. The emission spectra show the dye
fluorescence. These spectra are clearly different from the control experiment, where no
copper catalyst was added. Given the absorption spectra, the quantity of the dye attached
to the MPs can be calculated using the absorption coefficient of the dye. It was calculated
to have ~8 dye molecules per MP for this particular condition of the reaction. With these
results, the MPs with PCP 10 showed the high functionality and could be useful for

further conjugation with other molecules of interest.
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Figure 6.15 Conjugation of MPs with PCP 10 ligand (a) the reaction scheme, (b)
UV-Vis absorption and (c) fluorescence spectra of the Alexa Fluor 488-MP-

conjugate.

Another feature of the design of the PCP surfactants is that more than one
functional group can be incorporated into the polymer at the same time in a controllable
ratio. However, the orthogonal functional groups that were chosen to be put in the same
polymer had to be compatible with the total reaction scheme of each functional group.
For example, Monomers 3 and 6 could not be put into the same polymer to create the
PCP with both azide and amino functional groups. The fact that prevented the use of this
polymer is that the reaction of the amine monomer 3 went through a highly acidic
condition for the Boc-group de-protecting, and the azide monomer 6 cannot survive that
condition. In order to demonstrate this orthogonal feature of this PCP surfactant, the other
functional group was used. The biotinylated-PEG monomer (Compound 11) in Figure

6.16, which was synthesized by Jongnam Park using the published procedure,” was
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chosen as another functional group that could be put into the same polymer as azide
monomer (Compound 6). The reaction scheme for this bi-functional group PCP is shown

in Figure 6.16.
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Figure 6.16 Reaction scheme for RAFT polymerization for the synthesis of the

PCP ligand with azide and biotin groups as orthogonal functional groups.

The surfactant-exchanging process and transferring of the MPs into water are the
same as the procedures for other PCP surfactants. After the MPs with this PCP 12 were
transferred into water, the experiment to prove that the MPs with two active orthogonal
functional groups can be achieved by means of the PCP surfactant was performed by
conjugation with two different dyes. The conjugation scheme for these MPs with two
functional groups is shown in Figure 6.17a.

The conjugation was divided in two steps. First, the conjugation between the
azide group and the alkyne-functionalized Alexa Fluor 488 dye was done through click
chemistry as previously discussed. Then, after purification and filtering out of excess dye
and catalyst, the MPs were incubated with streptavidin that attached with Alexa Fluor
647 dye. The strong biotin-streptavidin interaction led the conjugation of the MPs to the
second dye applied. After incubation, the reaction mixture was purified using dialysis
through centrifugal filters with a 100 KDa molecular weight cut-off membrane in order to

get rid of the excess streptavidin-dye molecules. The purified MPs were then analyzed by

153



a UV-Vis spectrophotometer and the absorption and emission spectra of the resulting

MPs are shown in Figures 6.17b and c, respectively.
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Figure 6.17 Conjugation of MPs with PCP 12 ligand: (a) the reaction scheme, (b)
UV-Vis absorption and (c) fluorescence spectra of the dye-streptavidin-MP-

conjugate.

The absorption and emission spectra of the conjugate reveal that the conjugation
with both through click chemistry and streptavidin-biotin interaction succeeded. The
absorption spectra show absorption features of both Alexa Fluor 488 and Alexa Fluor
647, and the emission spectra also showed emission from both dyes. In this particular
experiment, ~5 Alexa Fluor 488 and ~8 Alexa Fluor 647 were attached to one of the

MPs. This experiment successfully demonstrated the feature of these PCP surfactants in
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that they have the ability to include more than one functional group in the same polymer
and eventually in the MPs.

The resulting products from the conjugation chemistry demonstrate not only that
the MPs have available functional groups for conjugation to other molecules of interest,
but also that the resulting MPs-dye conjugates can be useful materials. The MPs
conjugated with dye are considered bi-functional materials as they have both
superparamagnetic and fluorescent properties. These materials can be useful in the
applications that required both superparamagnetism and fluorescence in the same
particles, such as in the bimodal imaging applications.

Fluorescent dyes that were conjugated to MPs are also useful for the experiment
in the next section where the properties of the MPs in biological systems are discussed. In
the experiment for studying the interaction between proteins and cells and the MPs, dyes
that were conjugated to the MPs are essential tools for detecting and visualizing the MPs.

These experiments were a first demonstration of the use of the MP-dye conjugates.

6.3.5 Properties of the MPs in biological systems

In order for the MPs to be useful in biological applications, the behavior of the
MPs has to be compatible with an environment that is rich in various proteins, peptides,
and other biomolecules. One of the problems with many nanoparticles when transferred
into biological systems is the non-specific binding of protein, which can lead to changes
in their properties. In the case of MPs with PCP surfactants, even though PEG is known
for low non-specific binding, the whole construction including the catechol groups, the
functional groups, and the MPs must be proved to have little or no non-specific binding
to the proteins.

To demonstrate the low non-specific binding to the proteins of the MPs with PCP,
two experiments have been performed. The first one is the serum-binding study using a
HPLC-GFC column to track the changes in the size of the MPs before and after
incubation with fetal bovine serum (FBS). The second experiment is the cell non-specific
binding test using the optical microscope to visualize the stickiness of the MPs to cells

after incubation.
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For the first experiment, the serum-binding test was performed by incubating the
MPs in the 100% serum and monitoring the changes in their size using the gel filtration
chromatography (GFC) column in an HPLC system with a fluorescence detector. The
MPs that were used in this experiment were the MPs with azide-PCP (Compound 10)
conjugated with Alexa Fluor 488 for the fluorescent detector. The MPs were incubated in
the 100% FBS for 4h at 37 °C, and the control sample was the MPs incubated just in PBS
under the same conditions. In the GFC column, the separation was done by size-
exclusion chromatography. The particles or molecules of larger size eluded from the
column before the molecules of smaller size. Therefore, if changes in size occur, the
retention time of nanoparticles will change. The chromatograms for the MPs-Alexa Fluor

488 before and after incubation with FBS are shown in Figure 6.18.
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Figure 6.18 Chromatograms of the MPs with Alexa Fluor 488 after incubation (a)
with and (b) without FBS for protein non-specific binding test.

Using the GFC chromatograms in Figure 6.18, we observed no change in the
retention time of the MPs. The retention of the main peak of the MPs stayed at the same
position as the controlled MPs. This observation indicates that there is no significant

evidence that the MPs have been attached non-specifically to proteins of various types in
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the FBS. This observation implies that the MPs have low non-specific binding with
proteins in serum and can be potentially useful in vivo.

The second non-specific binding experiment is the cell non-specific binding test.
In this experiment, HeLa cells were incubated with the MPs with Alexa Fluor 488 for 15
min at 4 °C and washed thoroughly to get rid of the non-sticky MPs. Then the cells were
imaged under the excitation to visualize the Alexa Fluor 488 that came from the MPs
conjugates that were stuck to the cells. The images of these cells along with the cells
without exposure to the MPs conjugate as a controlled experiment are shown in Figure

6.19.

Figure 6.19 Fluorescent and differential interference contrast (DIC) merged

images of HeLa cells (a) without and (b) with incubation with MPs-Alexa Fluor
488 (This experiment was done in collaboration with Jungmin Lee, Bawendi

Group)

After incubation of the MPs with HeLa cells, no significant different fluorescent
signal was observed when compared to the cells without exposure to MPs. Both of them
showed very little fluorescent signal. This observation indicates the low non-specific
binding to the cell of the MPs and implies that the MPs could be used for cell imaging

applications as well.
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In conclusion, poly-catechol PEG polymer (PCP) shows many superior properties
in stabilizing and transferring the MPs into water-based solution. The MPs with PCP
surfactant are relatively small compared to the commercially used T2 contrast agents; are
water-stable; and have high T2 relaxivity, high magnetization, and functionality. Also,
the MPs show very low non-specific binding to the proteins in serum and to the cells.

The next section discusses the other catechol-based surfactant. This surfactant is
based on using a zwitterionic entity to make the MPs water-dispersible. The goal for this
surfactant is to keep the MPs with very small hydrodynamic size, stable, and low in

protein non-specific binding.

6.4 Mono-catechol zwitterionic surfactant
(This work was done in collaboration with He Wei, Bawendi Group)

Sections 6.2 and 6.3 describe the inclusion of the PEG molecules in the surfactant
structure to make MPs hydrophilic and transferrable into water. Also, the PEG has been
shown to have low non-specific binding to protein and can be used in biological
applications. The drawback of using PEG as a surfactant for the MPs is that the PEG has
to be large in molecular weight. For example, in our study, the minimum PEG chain that
was found to stabilize the MPs is the PEG with 12 units of ethylene glycol. The larger the
PEG molecular weight, the larger the hydrodynamic size of the resulting MPs. Therefore,
there is a lower limit for the size of the MPs that we would get from a PEG-derivative at
~18 nm in diameter in our study.

This section includes zwitterions in the surfactant structure, replacing the PEG
molecule. Zwitterions are very hydrophilic in nature, and they are found to be very low
biofouling.'*Materials with zwitterionic surfaces were found to be low in their protein
non-specific binding. These properties make PEG of interest in nanoparticle coating
applications. Therefore, the zwitterions that have similar properties should be applicable
for coating nanoparticles as well. The advantage over PEG is that the zwitterions could
be very small molecules, so they could potentially make MPs of very small
hydrodynamic size. Given these properties of the zwitterions, the new surfactant with
catechol and zwitterion was prepared, as discussed in this section. The scheme for

synthesis of the zwitterionic catechol surfactant is shown in Figure 6.20.
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The reactions for synthesis of the zwitterionic surfactant are synthesized using a
two-step reaction. First, dopamine was sulfonated upon the ring-opening reaction with
1,3-propane sultone in ethanol at 50 °C for 18h. Dopamine sulfonate (DS, Compound
13) was the first intermediate catechol derivative product that can also act asa non-
permanent zwitterionic surfactant since the protonation-deprotonation reactions of the
secondary amine are dependent on pH. The DS was then methylated after reacting with
iodomethanein DMF at 50 °C for 5h, and the resulted zwitterionic dopamine sulfonate
(ZDS, Compound 14) was obtained. Quaternary amine and sulfonate groups of ZDS

stabilize the zwitterionic character of this surfactant over a wide pH range.

- NH

H “‘IAV ? 1,3-Propane Sultone
HO™ ™Y EtOH, 50 °C, 18h
OH

CHl
DMF, 50 *C, 5h

Figure 6.20 Reaction scheme for synthesis of zwitterionic ligand.

The surfactant-exchanging process for the DS and ZDS proceeds in two steps,
similar to the procedure for PCP as mentioned in Section 6.3.2. The difference between
the surfactant-exchanging process of these surfactants and PCP surfactants is that the
solubility of ZDS in DMF is lower and the solvent system for the second step was
changed from DMF to a water/DMF solution. A fter being surfactant-exchanged, MPs
with ZDS surfactant were then purified, and their properties were studied in the following

ways.
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Size distribution of the MPs with ZDS surfactants was imaged using TEM as
shown in Figure 6.21. The TEM images show that the MP cores after surfactant-
exchanging process with ZDS (Figure 6.21b) are similar in their size distribution to the
MP cores with native oleic acid (Figure 6.21a). This observation of remaining in their
MP cores size indicates that this surfactant has minimal destructive effects on the MP
cores. Also, from the TEM image of ZDS-MPs, well-dispersed MPs were observed in the
water-based solution and there was no aggregation of MPs. This observation suggests a
high stability of the ZDS-MPs.

Figure 6.21 TEM images of the MPs before (a) and after (b) being surfactant-

exchanged with the zwitterionic ligand.

Size distribution of the resulted ZDS-MPs was also determined by using a

dynamic light scattering analyzer. Hydrodynamic size distributions of the ZDS-MPs from
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DLS are shown in Figure 6.22. The data shown in Figure 6.22a suggests that average
hydrodynamic diameter of the ZDS-MPs is around 10 nm and stays at this size range in
pH 6-9 with narrow size distribution similar to the curve measured at pH 7.5, as shown in
Figure 6.22b. These DLS measurements demonstrate that the ZDS-MPs have excellent
colloidal stability over the pH range of 6 to 9, which is within the range for physiological
environments for biological applications and reaction conditions for many conjugation

chemistries.
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Figure 6.22 DLS Hydrodynamic diameters of the MPs with ZDS surfactant at
different pHs (a) and size distribution of the MPs at pH 7.5 (b).

Comparing the size of MP cores from TEM images and the hydrodynamic size of
the ZDS-MPs reveals that the ZDS surfactant gives a very thin coating on the MP
surfaces. The MPs with MP cores of ~8 nm in diameter were ~10 nm in their
hydrodynamic size, indicating that only ~1 nm increase occurred in the radius when ZDS
was used as a surfactant. The ZDS-MPs are significantly smaller than MPs with other
catechol-derivative surfactants discussed earlier.

The zwitterionic stability of the ZDS-MPs was then studied by measuring the zeta
potential over the range of pH 6-9 using a zeta potential analyzer (Malvern Instrument) as
shown in Figure 6.23a. The zeta potential of the ZDS-MPs is ~-23 mV and stable over
this pH range. Compared to the zeta potential of the DS-MPs, in which the secondary
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amines are not permanently charged, the abrupt change in zeta potential was observed at
~pH 7.5 (red curve in Figure 6.23a). This abrupt change in zeta potential is most likely
from the deprotonation of the secondary amine in DS above pH 7.5. The DS loses its
zwitterionic nature and could lead to protein non-specific binding if utilized in biological
environments. In contrast, the ZDS is stable in its zwitterionic character over this pH
range and could be useful for biological applications because low protein non-specific

binding would be expected.
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Figure 6.23 Stability of the MPs with ZDS surfactants measured using (a) zeta-
potential in different pH compared to the DS surfactant (the blue arrow indicates
where the protonation and deprotonation of the DS surfactant occurred) and (b)

UV-Vis spectra of ZDS-MPs with the increase in storage time.

Stability over time of the ZDS-MPs was also studied by tracking their absorption
spectra over extended periods as shown in Figure 6.23b. Absorption spectra of ZDS-MPs
showed some small decrease (less than 10%) in the absorbance after the ZDS-MPs were
stored in PBS solution for a half-month period. Using this result, the limitation on the
storage time was observed and suggested that the ZDS-MPs should be used quickly after
being prepared rather than kept for a long time.

The decrease in absorbance was likely due to aggregation of ZDS-MPs, leading to

their precipitation out of PBS solutions. This observation suggested that mono-catechol
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group of ZDS is not enough to stabilize the surfactant on the MPs for longer storage time.
Use of zwitterionic surfactants with poly-catechol groups similar to that discussed in
Section 6.3 is proposed to increase stability of surfactants on the MPs.

In order to use and conjugate molecules of interest to the ZDS-MPs, another
surface modification is needed for attaching functional groups onto the MPs.
Functionalization of these MPs can be done by adding co-surfactants that have an
available functional group. One molecule that is currently used as co-surfactants is thiol-
PEG-catechol, which is similar in its structure to the monocatechol-PEG derivative

discussed in Section 6.3 but uses a shorter chain of PEG.

6.5 Conclusion

Catechol derivatives of different structures are used and studied as surfactants for
iron oxide MPs. Among these surfactants that have been studied, polycatechol
polyethylene (PCP) and zwitterionic catechol hold the most interest as they have
properties superior to those of other surfactants. The MPs with PCP surfactants are
superior in term of their stability from the chelating effect of polycatechol and
controllable quantity of functional groups from the co-polymer chains. The MPs with
zwitterionic catechol are superior in term of the small size of the MPs obtained.

The MPs with high stability in water-based solutions, small hydrodynamic size,
and low protein non-specific binding are ready to be useful tools in biological
applications. Moreover, MPs with available functional groups such as the MPs with PCP
surfactants can also serve as building blocks for even more complex structures. In
Chapter 7, various conjugation techniques for these functional MPs are discussed, aiming

at a formation of bi-functional nanostructures comprising MPs and semiconductor QDs.
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6.7 Appendix C: '"H NMR and IR Spectra of Compounds
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Chapter 7

QD-Decorated Iron Oxide Nanoparticles

7.1 Introduction

Chapters 3 and 4 discuss the reasons for interest in nanostructures that combine
superparamagnetic nanoparticles and quantum dots. This chapter discusses approaches to
synthesizing the smallest possible clusters of MPs and QDs. Preparation of these
nanostructures aims to make a new tool for MRI-fluorescent bimodal imaging and to
study the conjugations of the water-dispersible MPs with different surface modification
methods.

The nanostructures of MPs and QDs have been synthesized and studied
recently.'® In these works, the direct growth of QDs on MP surfaces can lead to
clustering of the MPs and QDs.** However, the nanostructures from these direct
attachment syntheses suffer from quenching of the fluorescence of the QDs and very low
quantum yield of the QD observed.> ® Moreover, the direct growth of the QDs on MP
surfaces tends to yield nanostructures of irregular shape and uncontrollable ratio of MPs
to QDs.> > ¢ In addition, difficulties in transferring these nanostructures into water-based
solutions for biological applications are foreseeable as the surface chemistries of MPs and
QDs are different. Therefore, it is difficult to find the surface modification systems that
are compatible with both materials at the same time.

This chapter explores formations of QD-MP nanoparticles that are based on the
MPs and QDs that are water-soluble with available functional groups. We propose that
these nanostructures will inherit the properties of stability in water-based solutions and
availability of functional groups from their QD and MP starting materials. Moreover,
with these conjugations, the MPs and QDs do not direct attached to each other’s surfaces
and quenching of the QDs should be less than that from the direct growth of QD on the
MP systems.

This chapter proposes the use of MPs from different surface modifications (as

mentioned in Chapters 5 and 6) as cores to decorate with QDs with different functional
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groups. Sections 7.2 and 7.3 focus on the mPAA-MPs from Chapter 5 and the MPs with

catechol-derivative surfactants from Chapter 6, respectively.

7.2 QD-Conjugation of MPs with mPAA surfactants

MPs with mPAA, which were discussed in Chapter 5, are observed to be highly
stable in water-based solutions. Also, carboxylic groups on their surfaces are found to be
reactive to conjugation with other molecules through amide bonding. After the
conjugation of mPAA-MPs with other molecules, their properties of the former remain
satisfactory because their hydrodynamic size, magnetization, and stability stay similar to
those of the mPAA-MPs before conjugation. Given this observation, the mPAA-MPs
appear to be good candidates for forming the proposed QD-decorated MPs
nanostructures.

The conjugation reaction of the mPAA-MPs to QDs is shown in the scheme in
Figure 7.1. In this conjugation, mPAA-MPs synthesized using the procedure in Chapter 5
are conjugated with QDs functionalized with DHLA-PEG-amine ligands synthesized
using the procedure previously reported from our group.” Carboxylic groups on mPAA-
MP surfaces were activated using EDC before reacting with the amino groups on QD
surfaces. The ratio of MPs to QDs were controlled to be 1:30 in order to obtain the
proposed QD-decorated MPs nanostructures without cross-linking between the MPs due
to the multivalency of both MPs and QDs.

. 0 EDC coupling
+ A P —
&. v
PEG” TNH,
Vg lh QD with QDs-decorated MP
mPAA-MPs DHLA-PEG-amine ligand

with carboxylic group on surface

Figure 7.1 Reaction scheme for MP and QD conjugation using EDC coupling

agent.
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Figure 7.2 TEM images of the MP-QD conjugation using EDC coupling agent:
(a) mPAA-MPs, (b) amino-PEG-DHLA QDs, (c) control mixture of MPs and
QDs with EDC, and (d-f) products from EDC coupling reaction with different

magnifications.
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The reaction between the mPAA-MPs and the QD-DHLA-PEG-NH, was
monitored using TEM as shown in Figure 7.2. Well- dispersed MPs (Figure 7.2a) and
QDs (Figure 7.2b) were observed before the reaction. The mixture of MPs and QDs
before the activation of the carboxylic group using the EDC is shown in Figure 7.2¢, in
which the well-dispersed MPs and QDs are observed. The mixture of MPs and QDs
shows a minimal non-specific attraction that could be expected from the attraction
between the opposite charges of the negatively-charged MPs and the amino-
functionalized QDs. This observation suggested that there is not enough force for the
electrostatic attraction and other physical interactions between the MPs and QDs.

Aggregations of the MPs and QDs were observed when the EDC and sulfo-NHS
were added to the reaction mixture. The clusters of MPs and QDs were observed in
Figures 7.2d-f. The aggregation of the MPs and QDs indicates that reaction between the
two nanoparticles is too violent and out of control because large aggregations and
extended cross-linking networks of nanoparticles were observed.

The other reason why the large aggregations of the MPs and QDs were observed
in this reaction scheme is that the EDC reagent can neutralize the mPAA and cause the
aggregations of the MPs. This observation was previously reported when a large quantity
of the EDC was used to activate the carboxylic groups of the mPAA-nanoparticles.® The
neutralized nanoparticles lost their stability in water-based solutions and were
precipitated out. One of the approaches to prevent the nanoparticles with mPAA from
aggregating is to use a different coupling reagent such as PEG-modified EDC.?

Given the instability of the mPAA-MPs during conjugation using the reaction
scheme mentioned above, the mPAA-MPs were not the most suitable systems for
constructing the QD-decorated MPs nanostructures. We proposed using MPs with higher
stability toward the conjugation reactions such as MPs with PEG on their surface and
substituting them for the mPAA-MPs systems. The conjugation of QDs to the MPs with

PEG-catechol derivative surfactants is discussed in Section 7.3.

7.3 QD-conjugation of MPs with PEG-catechol derivative surfactants
MPs with polycatechol polyethylene glycol polymer (PCP, in Chapter 6) are

better candidates for the construction of the QD-decorated MPs nanostructure as they are
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more stable toward changes in surface charges than the mPAA-MP system. The PCP-
MPs are dispersible into water-based solution because of the hydrophilicity of the PEG
chain. Therefore, changes in the charge of the MP surfaces during the conjugation
process will not have strong effects on the stability of the PCP-MP systems.

The conjugation of the MPs and QDs is based on the available functional groups
of the PCP surfactants. The first group of interest is biotin because its interaction with
streptavidin is very strong and could be a good candidate for the conjugation of QDs and
MPs. The biotinylated-PCP-MPs and streptavidin-QDs should be readily attracting to
each other, and the conjugation of the MPs and QDs should readily form after the

incubation of the two nanoparticles. The reaction scheme for this conjugation is shown in

Figure 7.3.
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Figure 7.3 Reaction scheme for MP and QD conjugation using streptavidin-biotin

interaction.

MPs with biotinylated-PCP were prepared similar to the previously discussed
procedure in Section 6.3.1. The biotinylated-PCP (Compound a, Figure 7.3) was

synthesized by polymerization of three monomers: catechol monomer, methoxyPEG
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monomer, and biotinylated-PEG monomer (Compounds 1, 2, and 11, respectively, in
Chapter 6). After the surfactant-exchanging and purification processes, the biotin-PCP-
MPs were ready for the conjugation. The TEM image of the MPs with biotin groups on
their surface is shown in Figure 7.4a.

QDs with streptavidin on their surfaces were purchased from Invitrogen and used
without further purification. The TEM image of these streptavidin-QDs is shown in
Figure 7.4b. The TEM image shows the irregular shapes and broad size distributions

observed in this commercial sample.

Figure 7.4 TEM images of the MP-QD conjugation using streptavidin-biotin

interaction: (a) biotin MPs, (b) streptavidin QDs, (c-f) reaction mixture with
QD:MP molar ratio of (¢) 1:1, (d) 30:1 and (e-f) 100:1 with different
magnifications.
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Three different molar ratios of biotin-MPs to streptavidin-QDs (QD:MP of 1:1,
30:1 and 100:1) were prepared and monitored in order to find the proper ratio for the
formation of the proposed QD-decorated MPs nanostructures. The TEM images of these

conjugation reactions are shown in Figures 7.4¢-f.

The TEM images of the reaction mixtures from different ratios of QD per MP,
suggest that the most suitable ratio of QD to MP is 100:1 as the formation of clusters
were observed from the reaction mixture using this ratio as shown in Figures 7.4e and
7.4f. The reaction mixtures from the QD:MP ratio of 1:1 (Figure 7.4¢) and 30:1 (Figure
7.4d) show some conjugation of QDs to MPs, but there is no cluster or regular pattern of
the aggregation observed. In the reaction mixture with the QD:MP of 100:1, the clusters
that were observed range from 40 nm to100 nm in diameter, which falls in the size range
of the proposed QD-decorated MPs nanostructures.

The reaction mixture of the QD:MP of 100:1 was then further purified using
centrifugal filter dialysis with 100 KDa molecular weight cut-off membrane to get rid of
the excess streptavidin-QDs. The purified clusters were then imaged using TEM as

shown in Figure 7.5.

Figure 7.5 TEM images of the MP-QD conjugation using streptavidin-biotin
interaction after purification by centrifugal filter dialysis.
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The purified clusters of MP and QD conjugates were found to have narrower size
distribution of 40 to 60 nm in diameter (Figure 7.5a) because the larger particles were
likely precipitated out after centrifugation. The TEM images reveal that most parts of the
clusters are of organic compound origin as the transmission images showed the grey
areas of organic compound feature. This observation is likely due to the fact that the
clusters contain mostly streptavidin and the coating polymers. However, in some of the
clusters, the conjugates of MPs and QDs were observed as in Figure 7.5b. The cross-
linking of the MPs was observed because more than one MP was found in the same
cluster.

The TEM images in Figure 7.5 suggest that the conjugation of MPs and QDs was
obtained using this reaction condition. However, the sizes of the conjugates are larger
than expected because the nanostructures consist of mostly the streptavidin and the
polymer coating. Also, the large size of the conjugates resulted from the cross-linked
nanoparticles as multiple MPs were observed in the same cluster. The control of cross-
linking between the nanostructures is difficult as the commercial streptavidin was not
well characterized and the multivalency of both MPs and QDs tended to cause the cross-
linking structures. One approach to reducing cross-linking is using an even greater excess
of the QDs over the MPs, but this approach is too costly to apply in the synthesis. The
synthesis of our own streptavidin-QD using the conjugation of streptavidin with the
surfactant synthesized in our group is under investigation and could be potentially used
for the improved the construction of the QD-decorated MPs.

In order to reach the goal of obtaining the smallest possible nanostructure of QD-
decorated MPs, a new conjugation scheme was proposed and explored. This conjugation
scheme moved away from using the streptavidin-biotin interaction. The proposed
conjugation employed the coupling reaction of maleimide and thiol groups as shown in
Figure 7.6.

The conjugation of the MPs and QDs using this scheme is based on the highly
efficient coupling reaction between maleimide and thiol groups. The thiol group was
chosen to be functionalized onto MP surfaces while maleimide was attached to the QD
surfaces. The reason behind this selection is that thiol groups have a high tendency to re-

attach to QD surfaces, possibly causing cross-linking and loss of available thiol groups on
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the proposed thiol-QDs. Therefore, thiol-MPs and maleimide-QDs were separately

synthesized as starting materials for this construction.
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Figure 7.6 Reaction scheme for MPs and QDs conjugation using maleimide-thiol
coupling reaction.
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The MPs functionalized with a thiol group were prepared from amino-
functionalized MPs as shown in the reaction scheme in Figure 7.6. Amino-functionalized
PCP (Compound 9 in Chapter 6) was first applied to the surfaces of the MPs using the
procedure in Chapter 6.Figure 7.7b shows a TEM image of these amino-functionalized
MPs. The amino groups were then converted into thiol groups using an excess quantity of
Traut’s reagent (2-Iminothiolane hydrochloride, Sigma-Aldrich). This converting
reaction was done at room temperature in PBS solution for 2hours right before the use of
thiol-MPs in order to prevent the oxidation of the thiol groups. The reaction mixture was
then purified by means of dialysis using centrifugal filter with a 50 KDa molecular
weight cut-off membrane and the resulting thiol-MPs was ready for conjugation with
maleimide-QDs.

The QDs functionalized with maleimide groups were synthesized from amino-
functionalized QDs with aminoPEG polyimidazole polymer (Figure 7.6, structure b) as
their surfactant. Preparations of the surfactant and the amino-functionalized QDs were
recently reported from our group.’A TEM image of these amino-functionalized QDs is
shown in Figure 7.7a. The amino groups were then converted into maleimide groups
using an excess quantity of SM(PEG), cross-linker (succinimidyl-([N-maleimido-
propionamido]-tetracthyleneglycol) ester, Pierce). This converting reaction was done at
room temperature in PBS solution for 6hours right before the use of maleimide-QDs in
order to prevent the decomposition of the maleimide group. The reaction mixture was
purified by centrifugal dialysis through a 30 KDa molecular weight cut-off filter and the
resulted maleimide-QDs are ready for conjugation with thiol-MPs.

The conjugation reaction between the thiol-MPs and maleimide-QDs was
performed at room temperature in PBS solution for 6hours. The coupling between
maleimide and thiol groups led to the formation of the thioether bond and resulted in the
conjugation of MPs and QDs. The conjugation using this reaction scheme was monitored

by TEM as shown in Figure 7.7.
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Figure 7.7 TEM images of the MP-QD conjugation using the maleimide-thiol
coupling reaction: (a) amino-functionalized QDs, (b) amino-functionalized MPs,

(c-€) reaction mixture of different regions and magnifications.
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The TEM images of the reaction mixture of the coupling reaction between the
thiol-MPs and maleimide-QDs (Figures 7.7c-€) suggest that the conjugation of the MPs
and QDs was obtainable because the attachment of the MPs and QDs were observed.
However, the attachments of QDs and MPs were mostly in random fashion, and some
cross-linking of the MPs and QDs was observed as shown in Figure 7.7c. The proposed
nanostructures of QD-decorated MPs were observed in some places of this TEM sample
as shown in Figures 7.7d and e.

The limitation for this conjugation is that the concentrations of the thiol and
maleimide groups are very low, leading to a low rate of reaction. The thiol and maleimide
groups are known to be unstable for long periods in water as they can be oxidized and
hydrolyzed, respectively. The thiol-MPs and maleimide-QDs could become unreactive
before the completion of the reaction. For this reason, the low yield of MP-QD
conjugation was observed.

The proposed nanostructures of QD-decorated MPs are still not primary products
from the conjugation, and they are not separable from the reaction mixture. However, this
study is the first demonstration that the complex nanostructures of QD-decorated MPs
can be obtained. The improvement and optimization on the conjugation need to be
performed in order to obtain a significant quantity of the MP-QD nanostructures for

biological applications.

7.4 Conclusion

The conjugation reactions between MPs and QDs of different functional groups
were studied with the aim of constructing complex nanostructures of QD-decorated MPs.
These conjugation methods suggested some features of the proposed nanostructures, but
the products appeared in small quantities and were not separable from the reaction
mixtures. However, this is the first observation of direct conjugation between water-
dispersible MPs and QDs to result in formation of nanostructures that are readily
dispersible into water-based solutions. These conjugation reactions cannot be done
without the MPs of high water-stability and availability of reactive functional groups

studied and discussed in earlier chapters.
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Beyond studying the formation of the complex bi-functional nanostructures, it is
also useful to study the conjugation techniques for the MPs with different surface
modifications and functional groups. The conjugation schemes in these studies can be
applied for the conjugation of the MPs to other molecules of interest. Since the steric
hindrance for the conjugation with smaller molecules will decrease compared to the
conjugation with relatively bulky nanoparticles, the yield of the conjugation should be
significantly higher and some useful conjugates could be obtained.

Nanostructures of QD-decorated MPs of better quality in terms of narrower size
distribution, higher reaction yields, and more compact size can be obtained using some
developments. The first development is to synthesize of monovalent nanoparticles, or
nanaoparticles with only one functional group per nanoparticle. We propose that these
monovalent nanoparticles will decrease the cross-linking problems when they are utilized
as building blocks for the nanostructures. Also, it is helpful for development of other
functional groups with higher stability and more reactivity toward the conjugation to
overcome the low yield of the conjugation due to low concentration of the functional
groups. These developments are currently the aim of ongoing research projects. With
these improvements, the QD-decorated MPs nanostructures could be synthesized with

better quality and could be a useful tool for biological imaging applications.
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