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Abstract

Cancer is a worldwide disease and causes millions of deaths every year. The fatality of
cancer is responsible for approximating a sixth of global death. To reduce cancer mortality, early
diagnosis is one of the key factors. If cancer is diagnosed at an early stage, cheaper and less
invasive therapeutic strategies can be applied to increase the survival rate. Early non-invasive
diagnosis methods for cancer include imaging and biomarker detection. My work mainly focused
on developing nanomaterials-based probes for non-invasive cancer diagnosis through cancer

imaging and biomarker quantification.

Chapter 2 includes two projects of developing nanoprobes for non-invasive cancer imaging.
In Project 1, we developed a robust roundtrip phase transfer approach to construct magnetic
nanoparticle clusters (MNPCs) using aqueous iron oxide nanoparticles (IONPSs) that were prepared
by a simple, scalable, and cost-effective method. The MNPCs have the potential to serve as a
contrast agent to enhance magnetic resonance imaging (MRI) contrast. In Project 2, we constructed
a radioactively labeled targeted phage for single-photon emission computed tomography (SPECT).
Traditional SPECT for cancer imaging relies on the Enhanced Permeability and Retention (EPR)
effect. However, research has shown that the EPR effect is specific to each cancer type and patient.
The radioactively labeled cancer-targeting phage could overcome the limitation of the EPR effect

and improve the SPECT for cancer.

Chapter 3 includes two projects of developing nanoprobes for RNA biomarker quantification.
In Project 3, we recruited pyropheophorbide-a (pyro) and magnetic beads to quantify small RNA.
Pyro has fluorescence and can produce singlet oxygen with laser treatment. In addition, the singlet
oxygen production efficiency positively correlates to the laser power. We hypothesized that the
quantification based on the singlet oxygen signal would reduce the limit of detection. However,

Xiii



magnetic beads triggered singlet oxygen signal unexpectedly, which made this method failed to
quantify target RNAs using the singlet oxygen signal. In Project 4, we developed a novel
nanoparticle-based molecular beacon (NPMB). In this NPMB, the upconversion nanoparticle
(UCNP) was used as a fluorophore, and the gold nanoparticle (Au NP) worked as a quencher. The
exciting wavelength of UCNPs is longer than its emitting wavelength so that this method has an
ultra-low background. This novel NPMB can detect both small DNA and RNA as low as aM level

without purification.

Overall, we developed a MNPC and a radioactively labeled targeted phage with the potential
of benefit MRI and SPECT for cancer imaging, respectively, as well as two small RNA

quantification strategies to quantify cancer RNA biomarker.

Xiv



Chapter 1: Introduction

1.1 General background

Cancer is a worldwide disease and causes millions of deaths every year. The fatality from
cancer is only exceeded by cardiovascular diseases, and cancer deaths account for approximating
one-sixth of global death.! Based on the estimation of WHO (World Health Organization), cancer
caused 9.6 million deaths in 2018. To reduce cancer mortality, early diagnosis is one of the key
factors. When cancer is diagnosed at stage O or stage |, cheaper, less invasive, and more effective
treatment methods are more available and the patient has a higher possibility to recover.! Early
diagnosis methods for cancer include non-invasive cancer imaging®* and biomarker detection®.
My work was developing non-invasive cancer diagnosis methods by using nanomaterials,

including cancer imaging methods and biomarker quantification methods.

1.2 Cancer imaging

Current clinical cancer imaging methods are X-ray computed tomography (CT), magnetic
resonance imaging (MRI), optical imaging, positron emission tomography (PET), single-photon
emission computed tomography (SPECT), and ultrasound. CT, MRI, PET, and SPECT will be

introduced here due to their 3D imaging ability.®

In CT, a rotary X-ray resource is used to examine the objective and the attenuation is
recorded by a detector.® Because different tissues as well as the pathological tissue have different
attenuation or projection values, the computer can analyze the signal and reconstruct the image.

By collecting and stacking data from multiple tissue sections, CT is able to display a 3D image.®



CT is a powerful and common cancer diagnosis tool, especially effective for lung cancer. However,

it has a limitation of 15% false positive results in all kinds of lesions.’

MRI detects nuclear magnetic resonance of elements inside bodies, such as hydrogen,
carbon, oxygen, and phosphorus.® Hydrogen is frequently used in MRI due to its high sensitivity
and the abundance of hydrogen in bodies. Different tissues contain different contents of the
element that leads to diverse signal strength. In addition, the electronic environment is varying in
tissues and influences the resonance frequency. As a result, lesions including tumors would appear
differently in MRI so that could be diagnosed.® MRI is very useful to image cancer in soft tissues

such as breast cancer.® MRI has high resolution but is limited in contrast.®

Although helper-reagent-uptake is not required for imaging, contrast media are used in CT

and contrast agents are used in MRI to enhance contract in the clinic.®

Unlike X-ray CT and MRI, an injection of a radioactive substance is necessary for both PET
and SPECT. PET detects positrons emitted by radionuclides with short half-lives while SPECT
monitors y proton from radionuclides with relatively long half-lives.2%'? In PET, a metabolic
substance is usually radioactively labeled such as !8F-fludeoxyglucose, and injected into the
patient. Because the metabolic rate is variable in tissues, higher metabolic rates result in
aggregation of the radioactive labeled metabolic substance, and hence higher signal.> PET has an
advantage in early diagnosis that can identify cancer lesions before tumor formation because
metabolic activity increases in the cancer cells.!® PET can also identify malignant tumors from
benign tumors according to the higher metabolic activity in malignant tumors.*2 Similar to imaging
by PET, a radioactively labeled substance is needed in SPECT, t00.2° The substance would
accumulate in tumors due to the high permeability of the blood vessels in tumors. This

accumulation effect is known as the Enhanced Permeability and Retention (EPR) effect. SPECT

-2-



is also able to identify malignant tumors. The malignant tumors have a higher potential to form
vessels that leads to a higher accumulation of the radionuclides.** Although PET and SPECT have
high sensitivity, their resolutions are relatively low.1%-12 Therefore, they are commonly combined

with CT for cancer diagnosis.'%-1?

1.3 Cancer biomarker

Testing for cancer biomarkers in peripheral blood, including alpha-fetoprotein (AFP) and
beta-human chorionic Gonadotropin (beta-HCG), have played a key role in cancer diagnosis for
decades™ In the last two decades, scientists have identified that some non-coding RNAs (ncRNAS)
play significant roles in enhancing or suppressing cancers,*®*8 and these may be considered as a
new type of cancer biomarkers. For example, piR-651 (piRNA) is highly expressed in all breast,
lung, colon, and stomach cancer tumors and cells.’® Other ncRNAs, for example, the IncRNASs:
HOTAIR, LSINCTS5, and MALAT1, and the miRNAs: miR-21 and major of miRNA 200 family
(including miR-200a, b, c, as well as miR-141), are all commonly associated with multiple cancer

typeSIZO-ZG

ncRNA is a type of RNAs that does not encode a protein and can be classified by length or
function. Those longer than 200 nucleotides (nt) are called long non-coding RNA (IncRNASs), such
as Xist-RNA, Airn, and H19.2” Other ncRNAs are called small non-coding RNAs (sncRNAS)
including microRNAs (miRNAs) and short interfering RNAs (siRNAs).2” ncRNAs are involved
in various biological processes, such as translation, gene regulation, and RNA processing, by
hybridizing with target nucleic acid or interacting with target proteins.?” For examples, transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) assist mRNAs in translation;?82° small nuclear
RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and small cajal RNAs (scaRNAs) are

associated with the RNA modifications;* sncRNAs are mainly involved in trans gene regulation
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(e.g., gene expression and gene silence);®* InNcRNAs function as both cis- and trans-regulators and
modulators of the genome.3?-3 In patients, the concentrations of these ncRNAs change that leads
to an abnormal gene expression.!®2® As a result, these ncRNAs are potential biomarkers for

diseases including cancer.

The application of sensitive detection of diagnostic ncRNA cancer biomarkers will advance
the current cancer diagnosis and therapy for many reasons. First, the cancer-associated ncRNAs in
peripheral blood will reach the detectable levels earlier than the proteins.®* The techniques for
detecting the expression level of ncRNA biomarkers could break the time barriers of the
conventional protein-depended cancer diagnosis methods, in order to achieve an early-stage
diagnosis of cancers, which is extremely important for cancer treatment.® Second, only a small
amount of tissue or body liquid sample is needed to determine the ncRNA expression levels for
diagnosis. Therefore, it is less invasive compared to biopsy, the conventional cancer diagnosis
method. Third, ncRNAs are not only efficient signatures for cancer diagnosis but also potential
therapeutic drugs for cancer treatment. For example, ncRNAs miR-34a and siKras were delivered
to treat lung cancer in mice. miR-34a activated the response of tumor suppressor gene p53 while

siKras silenced the expression of oncogenic Kras.*®

1.4 Nanomaterials

Nanomaterials (NMs) have been widely investigated for cancer diagnosis and treatment in
recent decades mainly because they can approach lesions non-invasively.* Meanwhile, the
surfaces of NMs are able to be modified and made biocompatible; the characteristic spectra of
NMs are potentially applied for imaging and biomarker quantification; special properties of certain

NMs such as optothermal response of gold nanoparticles (Au NPs)®” and magnetism of magnetic



nanoparticles (MNPs)3-3 can be utilized for specific objectives. In addition, several NMs could

be combined to obtain multiple characteristics and thus achieve multi-functional NM. 4

1.4.1 Gold nanoparticles
Au NPs are frequently used in cancer research due to the following reasons: (1) the synthesis
method of Au NPs is simple and quick; (2) the shape and spectra are adjustable; (3) the surface

can be easily modified to serve different research goals.*

Generally, the citrate reduction method is used to synthesize Au NPs.*! In this method,
spherical Au NPs are obtained within 30 min in a water bath.** Additionally, the sizes of Au NPs
are tunable by adjusting the concentration of citrate.*? To synthesize Au NPs in different shapes
with tunable sizes, such as Au NRs (gold nanorod), Au ND (gold nanodendrites), and Au NS (gold

nanostars), subsequent operations usually take less than 30 min at room temperature.**-4°

The optical characteristics of Au NPs are determined by their sizes and shapes, hence, are
also adjustable. As an example, for spherical Au NPs, the increase of the diameter causes red
shifting of the absorbance spectrum. (Figure 1.1)*? The absorbance spectrum of Au NRs has the
same red-shifted pattern and the absorbance wavelength increases with larger Au NRs. However,
compared with the single absorbance peak of spherical Au NPs, Au NRs have two absorbance

peaks. (Figure 1.2)%



Figure 1.1 Absorbance spectra of spherical Au NPs of different sizes. The diameters are: (1) 12
nm; (2) 19 nm; (3) 24 nm; (4) 33 nm; (5) 41 nm. Reproduced with permission from reference 42,

Copyright Elsevier.*

0 1 2 3 4 5

Absorbance (a.u.)

400 600 800 1000
Wavelength {nm)

Figure 1.2 Optical characters of Au NPs. (0) 4 nm spherical Au NPs; (1) 25 nm spherical Au NPs;
(2-5) Au NRs. Reproduced with permission from reference 46, Copyright Royal Society of

Chemistry.



One key characteristic of Au NPs is that the modification is very simple and stable. By
modifying the Au NPs with various functional ligands, the Au NP complex could be applied in
cancer diagnosis, imaging, cancer biomarker detection, and target-cancer therapy studies. Usually,
the surface of Au NPs can be modified in two ways. One is utilizing the thiol group of nonpolar
modification reagents to covalently conjugate to the Au NPs, forming strong gold-sulfur bonds
(Figure 1.3C). For example, in order to modify the AuNPs with cancer-targeting peptide
sequences, the thiol functionalized polyethylene glycol (HS-PEG, MW of 2 kDa) is used to replace
the original surface stabilizing molecules, followed by partial replacement with thiol
functionalized polyethylene glycol acid (HS-PEG-COOH). This process is similar as shown in
Figure 1.3D. Then the interested peptide conjugates to the Au-S-PEG-COOH through peptide
bonds.*” Another modification method is to deposit modification agents by weak interaction
forces, such as Van der Waals force and hydrogen bonds (Figure 1.3B). In anti-cancer studies,
some special shapes of Au NPs including nanocages, nanostars, and nanoclusters have a large
surface area to be modified with plenty of anti-cancer drugs. Thus, the loaded Au NPs could

transport the drugs to the tumors.*8
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Figure 1.3 Surface modification of AuNPs. Reproduced with permission from reference 49,

Copyright Informa.*

1.4.2 Magnetic nanoparticles

MNP is a type of NPs that can be influenced by a magnetic field, manifesting as moving
towards the stronger magnetic field. The main elements comprising MNPs are usually iron and
cobalt.>® Between them, iron based MNPs, also known as iron oxide nanoparticles (IONPs), are
extremely common in cancer diagnosis studies as they enhance the contrast of MRI. Some IONPs
have been approved by the FDA (Food and Drug Administration) as clinical MRI contrast agents.>*
For example, metastatic hepatic cancer and lymph nodes can be diagnosed at the early stage by
MRI only with those IONPs.%? Harisinghani et al. compared the MRI of lymph nodes with and
without a monocrystalline IONP. (Figure 1.4)° In the MRI without the IONP, both normal (Figure
1.4 A) and metastatic lymph nodes (Figure 1.4 D)presented as bright white dots, therefore were
hard to be distinguished. However, the IONP darkens the healthy lymph node (Figure 1.4 B) while
the metastatic lymph node (Figure 1.4 E) was still bright, so that the metastatic lymph node could

be diagnosed.



Figure 1.4 Lymph nodes MRI results with and without a monocrystalline iron oxide agent. (A, D)
MRI without the agent; (B, E) MRI with the agent. The arrows indicate healthy lymph nodes (A,
B), and metastatic lymph nodes (D, E). Reproduced with permission from reference 53, Copyright

Massachusetts Medical Society.>

Generally, IONPs are synthesized by co-precipitating FeCls and FeClz in alkaline or acidic
aqueous solutions at room temperature.> > The size of IONPs depends on the pH as well as the
ratio between ferrous and ferric salts, and is able to be strictly controlled with the presence of
citrate.>*>° Hydrophobic IONPs are also available. Sun et al developed an IONP synthesis method
in the oil phase.®® In this method, the NH-group provider oleylamine is crucial as a surface ligand
to stabilize the IONPs in the organic phase. Meanwhile, oleic acid plays an important role to
increase the yield of the reaction. The IONPs’ size is precisely tunable within 4 to 10 nm and can
be further synthesized as MFe204 (M = Fe, Co, Mn) nanoparticles with comprehensive magnetic

properties.®®



Beyond the application in MRI, MNPs are also popular in biomolecule separation.®’ It is not
only because MNPs are controllable by the magnetic field, but also the property of high and stable

dispersion in the aqueous phase.®’

1.4.3 Upconversion nanoparticles

The upconversion nanoparticle (UCNP) is a type of material that uniquely transforms from
longer wavelength exciting light to shorter wavelength emitted light. Lanthanide ions, also called
rare earth ions, are the most efficient deposit elements in an upconversion illumination system.®
There are two common mechanisms for UCNPs: excitation and emission happening within a single
element called excited state absorption pathway, or excitation and emission happening in two-
element atoms called energy-transfer pathway(Figure 1.5).%% In the excited state absorption
pathway, two or more photons at longer wavelengths are absorbed to raise the electron to the
excited state. Then, one photon at a shorter wavelength is emitted when the excited electron falls
back to the ground state. Three major examples are erbium (Er®*), thulium (Tm?3"), and holmium
(Ho®*").%8 In the energy-transfer pathway, another element so-called sensitizer, commonly is
ytterbium (Yb®"), is also involved in activators’ excitation. Briefly, both sensitizer and activator
are excited by one photon to an excited state and an intermediate excited state, respectively. Then,
the activator at the intermediate excited state is further excited to the fully excited state by the
sensitizer’s emission photon. According to the unique characteristic of UCNP illumination, the
emitted color of the particles is controlled by the combination, or abundance of the rare earth
elements (Figure 1.6). Therefore, differently functionalized UCNPs could be distinguished by the

different emitting colors in the same condition.

-10 -
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Figure 1.5 Principal mechanisms for upconversion (a) excited state absorption, (b) energy-

transfer. Reproduced with permission from reference 58, Copyright MDPI.%8
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Figure 1.6 NaYF4 nanoparticles with varied lanthanide ion ratios. Reproduced with permission

from reference 59, Copyright Society of Public Analysis.>®

As a promising nanomaterial for in vivo imaging, the advantage of UCNPs is that lanthanide
doped UCNP could be excited by near-infrared (NIR) light at 980 nm, which can penetrate
biological tissues deeper than other wavelengths without increasing photodamage.®%-% Another
advantage of UCNPs for applications in cancer study is that the surface of UCNPs can be modified

by various functional ligands at the same particle, including DNA probes, peptide sequences, and
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targeting ligands. (Figure 1.7)%2 In summary, the multifunctional UCNP is an ideal candidate for

either cancer imaging purposes or a nano-detector for cancer biomarkers.
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Figure 1.7 Typical architecture of the therapeutic UCNPs-based composite. Reproduced with

permission from reference 62, Copyright John Wiley and Sons.?

1.4.4 Bacteriophages, bio-nanomaterials

The name of bacteriophage means “bacteria-eater”.%® A bacteriophage, also called a phage,
is a type of virus that only infects, replicates, and assemblies in bacterial cells. Phages are
composed of a protein capsid and a DNA or RNA genome. In the common life cycle of a phage
(Figure 1.8), it first captures the host bacteria cell by the host specific protein fiber at the tip, and
then injects its genome that is commonly ssDNA or dsDNA into the bacterial cytoplasm.5
Integration of the phage genome into the bacterial genome is necessary in the lysogenic cycle, but
not in the lytic cycle or the chronic cycle. In the lytic and virulent cycles, the genome and protein
capsid assemble in the cytoplasm to form a number of new phages released by lysing the host
bacteria. In the case of temperate phages, they assemble in the bacterial membrane and are released

without killing the host bacteria.
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Figure 1.8 Phage life cycle. Reproduced with permission from reference 63, Copyright Creative

Commons.®

Phages have the following advantages to be applied as nanomaterials in cancer studies: 1.
The amplification of phages is rapid and cheap according to their life cycles in bacteria; 2. The
genome of phage is simple and well-studied for gene edition and protein engineering; 3. The
phages could be applied in clinical therapy since they are harmless for humans.®* For example, a
temperate filamentary M13 phage has a one-segment ssDNA genome encoding five types of coat
proteins, including around 2700 copies of the major protein pVIII and 5 copies of four minor coat
proteins plll, pVI, pIX, and pVII (Figure 1.9).%557 All the five coat proteins are able to display
foreign peptides by genetic engineering. However, the peptide display is commonly applied on

pVIII, plll, and pIX for experimentation due to their relatively bigger sizes.®® By modifying the
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coat proteins of M13 phages with random peptide sequences, the phages could be used for their
most significant application, phage display or phage biopanning.%®"?> A phage display library
usually contains billions of viral particles displaying different peptides with the diversity of 102,73
By incubating the random peptide-displaying phages with the target molecules such as cancer
biomarkers or cancer cells followed by washing away the unbound phages, or by circulating them
in cancer animal models, the phage displaying peptides with high target-binding affinity is
selected.” After verified the specificity and affinity, the identified targeting peptides could be used
as a targeting agent or further engineered to phage-derived antibodies by using the identified

targeting peptides as the antigen binding site in antibodies(Figure 1.10).”
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Figure 1.9 Basic structure of the M13 bacteriophage and the possible pathway of genetic

engineering. Reproduced with permission from reference 68, Copyright MDPI.58

-14 -



N antibody phage display library

P

amplification of antibody

) phage £

<N Panning TR
8 K¢ g SAE
1R e
_ G Selection of phage e SR\
». panning in solution using displayed antibody & W 205
% biotinylated antigens fragments wip
(2-3 cycles) coinfection with

helperphage

bispecific
IgG (or other antibody
isotype) with
selectable Fc

- .r‘ 8 k ot
2 g 8 8@ 8 production of monoclonal
LR Ve scFvs
L) L]
Fab
elution of antibody phage

and reinfection of E. coli recloning and production

scFv scFv-Fc with selectable

2 s s L
Pull down of antigen bound bo:hb? identification of monoclonal in different Fc part (human,
phage using streptavidin beads e binders by ELISA antibody formats murine...)

or fusion proteins

Figure 1.10 Antibody phage display and selection. By incubating the random peptide-displaying
phages with the target molecules, the phage displaying peptides with high target-binding affinity
is selected. After verified the specificity and affinity, the identified targeting peptides could be
further engineered to phage-derived antibodies by using the identified targeting peptides as the
antigen binding site in antibodies. Reproduced with permission from reference 73, Copyright

Springer Nature.”
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Chapter 2: Non-invasive cancer imaging methods by using nanoparticles and

phages

2.1 Introduction

Clinically, cancer imaging relies on CT, MRI, optical imaging, PET, SPECT, and
ultrasound. The discoveries of these imaging techniques have highly benefitted cancer diagnosis
but still have limitations. Optical imaging and ultrasound can only present 2D images.®> CT has an
approximating 15% false positive rate.” Higher contrast of MRI is desired.® PET and SPECT have
relatively low resolutions.'%-12 In addition, traditional SPECT for cancer imaging relies on the EPR
effect. However, recent researches show that the EPR effect is specific to each cancer type and
patient.”* Besides, the EPR effect is different in mice models compared to that in humans, possibly

hindering clinical applications.”*7

To improve the contrast of MRI, two types of contrast agents are frequently used in the
clinic. Gadolinium (Gd) based paramagnetic small molecules are used to decrease the longitudinal
relaxation time (T1), thus providing contrast. Another is iron oxide based superparamagnetism
nanoparticles (IONPs) to reduce transverse relaxation time (T2).>! Overall, a shorter T1 leads to a
lighter image and a lower T2 generates a darker image.”” Current research starts to pay more
attention to iron oxide based contrast agents because Gd based agents can have side effects such
as nephrogenic systemic fibrosis.”® The relatively short circulating time of Gd based agents also
limits the application in imaging.”® Among iron oxide nanoparticles (IONPs), nanoclusters have
the potential of better contrast enhancement compared with individual IONPs.® It is probably
because magnetic iron oxide nanoparticle clusters (MNPCs) have higher magnetic interactions so

that the response to an external field is stronger.8%-8
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Previously, most of the MNPCs were made from hydrophobic IONPs that were directly
synthesized in the oil phase. The oil phase preparation of magnetic NPs can be very costly and
non-scalable, involving the use of several types of pricey precursors and intensive heating.22-8% On
the other hand, in the aqueous phase, the magnetic NPs can be obtained facilely using inexpensive
chemicals, i.e. ferric and ferrous chlorides, and yet highly stable and relatively uniform in size.8>
87 Therefore, aqueous prepared IONPs properly transferred into the oil phase can replace the costly
hydrophobic IONPs made directly in the oil phase as the starting materials for the synthesis of
MNPCs. The key factor that determines the success of this strategy is the quality of the
hydrophobic IONPs obtained through aqueous to oil phase transfer. Currently, there no
straightforward and productive phase transfer approach that results in high-quality hydrophobic
IONPs. Although an oleic acid assisted method was reported previously,®%° the hydrophobic
IONPs obtained through this method are not individually dispersed, containing a light portion of

aggregated nanoparticles that interferes with the formation of MNPCs if not removed.

In the current work, Dr. Penghe Qiu, Dr. Lin Wang, and | developed a simple and
straightforward protocol to transfer agueous IONPs of high concentration into the organic phase
and used the hydrophobic IONPs to synthesize MNPCs. In this method, no costly chemicals or
heating was involved, making it very cost-effective and simple. The resultant hydrophobic IONPs
are highly dispersed and aggregation-free in oil. We also carried out detailed studies over
parameters that impact the quality of hydrophobic IONPs. The MNPCs prepared from such
hydrophobic IONPs have comparable quality to those made from IONPs directly synthesized in
oil. Finally, we attempted to narrow down the size distribution of the MNPCs using a viscosity
gradient mediated nanoparticles separation approach. The IONPs larger than 40 nm are classified

as SPIO (small particle of iron oxide) agents, and smaller than 40 nm are called USPIO (ultra-
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small particle of iron oxide) agents. Because of the differences in size, SPIO and USPIO agents
prefer to accumulate in disparate organs and tissues, and hence can benefit cancer imaging of
various cancer types. SPIO agents are considered better for reticuloendothelial system imaging,
while USPI0O agents have longer blood circulating time.”” In this project, MNPCs that are larger

and smaller than 40 nm can both be obtained to be applied as SP1O agents and USPIO agents.

To break the limitation of the EPR effect in SPECT, Dr. Aron Roxin, Andria Hedrick, and |
designed a radioactively labeled targeted phage. The phages were displayed with a 15 amino-acids
oligopeptide at each copy of plll coat protein. The peptide was previously selected to specifically
target the tumor by in vivo phage biopanning against tumor-bearing mice. Then, a chelator, N-
hydroxysuccinimide (NHS), was conjugated to the coat proteins of the tumor-targeting phages at
the N-terminal by NHS ester reaction. Since the major protein pVIII is present at around 2700
copies, which is over 99% of all coat proteins,®-%” the most chelators would be conjugated to pVII|
and likely leaving the “tumor affinity site” of the pllI proteins un-blocked. The tumor-targeting
phages were radioactively labeled with *°™Tc¢ through the chelator. With the help of tumor-
targeting peptides, the radioactive phages were theoretically able to enhance the signal
accumulation in the tumor sites compared to typical SPECT imaging results. In this study, we used
human breast cancer MCF-7 xenograft models for f3-15mer phage library biopanning. The tumor-
targeting peptide sequence, AREYGTRFSLIGGYR, was identified in the previous studies

accomplished by Dr. Xuewei Qu.*’

2.2 Materials and methods of magnetic nanoparticle clusters

2.2.1 Preparation of iron oxide nanoparticles®
To synthesize iron oxide nanoparticles, 4.0 ml of 1.0 M aqueous ferric chloride and 1.0 ml

of 2.0 M ferrous chloride were mixed with 40 ml of 0.7 M ammonia solution with vigorous stirring.
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The stirring was continued for about 5 min, and then the product was centrifuged at 3,000 rpm for
10 min. The pellet was redispersed into 10 ml of 2 M nitric acid for 1 h and the nanoparticles were
harvested by centrifugation at 3,000 rpm for 10 min, and subsequently resuspended into 10 ml of
water. To prepare a TEM sample, 2 A of the as-prepared aqueous IONPs solution was added on a
TEM grid. The grid was set for 2 min and dried with filter paper. All the TEM images in this
dissertation were characterized by Zeiss 10 TEM. The size distribution of all the NPs in this project

was measured by a dynamic light scattering (DLS) instrument.

2.2.2 Phase transfer of the as-prepared iron oxide nanoparticles from aqueous into oil

In a typical phase transfer, 0.5 ml of 40 mM sodium citrate and 3.0 ml of 0.5 M oleylamine
in hexane were added subsequently to 2.5 ml of the as-prepared aqueous IONPs solution, and the
mixture was sonicated intensively for 2 min. Then 3.0 ml of ethanol was added and mixed by
vigorous handshaking. Phase transfer of iron oxide nanoparticles from water to hexane could be
visualized after the solution was incubated at room temperature for a few hours. The nanoparticles
in hexane were extracted with a separation funnel, washed twice with ethanol, and redispersed into
hexane at the desired concentration. To prepare a TEM sample, 2 A of the as-prepared hexane-
dispersed IONPs solution was added on a TEM grid and air-dried. The zeta potential was measured

by a zeta potential analyzer.

2.2.3 Preparation of iron oxide nanoparticles clusters

To prepare MNPCs, 200 A of the above hexane-dispersed iron oxide nanoparticles were
mixed with 4.0 ml of 0.1 M aqueous CTAB (cetrimonium bromide) solution, followed by
sonication to form a stable oil in water dispersion. The solution was then heated in an 80 °C water
bath for 15 min under stirring, during which iron oxide nanoparticles inside the oil-in-water

micelles self-assembled, as a result of hexane evaporation, to form MNPCs.
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2.2.4 Preparation of silica coated MNPCs

The as-prepared iron oxide MNPCs (1 ml) were centrifuged once and redispersed into 4 ml
of 0.02 M CTAB aqueous solution. Then, 50 I of 28% ammonium hydroxide and 20 | of
tetraethyl orthosilicate were introduced subsequently to the MNPCs solution. Silica coated
MNPCs were obtained by stirring the above mixture solution under room temperature for 24 h. To
prepare a TEM sample, 2 A of the MNPCs with or without silica coat was added to TEM grids.

The grids were set for 2 min and dried with filter paper.

2.2.5 Size sorting of MNPCs by PVP viscosity gradient medium

The viscosity gradient medium was created by stacking subsequent polyvinylpyrrolidone
(PVP) solutions of decreasing concentrations into a 15 ml centrifuge tube. To enhance the stability
of MNPCs in the centrifuge medium, in all the PVP solutions, the polymer was dissolved into 0.1
M CTAB solution, instead of pure water. Specifically, 3 ml of 40 wt% PVP was loaded first to the
bottom of the centrifuge tube by a Pasteur pipette, followed by 1.5 ml of 35, 30, 25, and 20 wt%
PVP solutions successively. On top of the PVP medium, 200 A of MNPCs solution, concentrated
by centrifugation from 1.0 ml of the as-prepared MNPCs, was carefully loaded. The MNPCs were
immediately centrifuged in a swing-bucket rotor, for a total of 2.5 h at 4300 rpm. The centrifuge
was interrupted every 30 min to take photos. Finally, a small amount of sample was extracted with
a syringe and needle at different levels inside the PVP medium. The effectiveness of size sorting

by the PVP viscosity gradient medium was then evaluated by TEM.

2.3 Materials and methods of targeted SPECT

2.3.1 M13 phage modification with the chelator NHS-MAG3;
Methods to modify the targeted peptide displayed M13 phages or wild-type phages with a

chelator NHS-MAGs3 (NHS-mercaptuacetyltriglycine) were referred to previously published
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work.®® The chelator NHS-MAGs3 underwent an NHS ester reaction to become covalently attached
to available primary amines on the phage. 500 | of M13 phages was mixed with NHS-MAGz:at a
molar ratio of 2750: 1 (phage: chelator). The pH was subsequently adjusted to be in the range of 8
to 10 by addition of 15 i of 0.1 M sodium bicarbonate. The mixture was rotated overnight at room
temperature and the phage was purified using PEG (polyethylene glycol)/NaCl precipitation twice.

The modified M13 phages were resuspended in 500 A of water for the following use.

2.3.2 Radiation labeling with ®™T¢ (Technetium-99m)

The radiation labeling of the modified M13 phages followed previously published work.*
The radioactive substance **™Tc interacts with MAGs and forms a stable complex. Briefly, 8.5 g
of SnCl2 2H20 was dissolved in 2 L of degassed 10 mM HCI and was mixed with a sixth of the
final volume of 50 mg/mL tartrate buffer, 500 i of the modified phages, and approximating 5 mCi
of TcOa4. The mixture was placed at room temperature for 1 h after which phage was purified using
PEG/NaCl precipitation twice. TLC was carried out after each purification to verify the efficiency
of the purification and the radioactive label. Ideally, the free radioactive substance should be less
than 10 % of overall radioactivity and the overall radioactivity should be more than 100 pCi. The
radioactively labeled phages were resuspended in normal saline for the following experiment. The
volume of the normal saline was decided by the radioactivity to make approximating half a million

counts per minute (CPMs) per L.

2.3.3 Animal experiment for SPECT

The animal protocol 17-068-SSCHIR-H was approved by IACUC. Two groups of 3 female
nude mice in each were used in this study. Estradiol pellets were implanted subcutaneously when
mice were 5 weeks old, and two days after which approximating 3 %106 of MCF-7 was implanted

in mice in situ. When the diameters of the tumors were larger than 5 mm, approximating 200 L
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of the as prepared radioactive labeled targeted M13 phage or wildtype M13 phage was tail
intravenous (i.v.) injected in the target group and wild-type group respectively. The radioactivities
of the injected substances were recorded by a Gamma Counter instrument. SPECT images were

taken at 30 min, 1 h, 2h, 4 h, 6h, and 24 h respectively after the injection.

To investigate the distribution, two mice from each group were sacrificed at 4 h and one
mouse from each group was sacrificed at 24 h after the injection. Blood, bladder, bone, brain,
heart, intestine, kidney, liver, lung, muscles, salivary, spleen, stomach, thymus, and tumor were

weighed, and their radioactivities were counted by a Gamma Counter instrument.

2.4 Results of magnetic nanoparticle clusters

2.4.1 Phase transfer of IONPs and Characteristics of hydrophobic IONPs

The aqueous IONPs were synthesized simply by following previously published work.>* The
IONPs made by this approach are very stable that can stay in water for years without forming any
visible sedimentation. In addition, the preparation can be easily scaled up to a few liters in a lab
since it is conducted in the open air under room temperature. Therefore, we used these hydrophilic
IONPs as the starting material in our protocol. In a typical phase transfer of the IONPs from
aqueous to oil, partial phase separation could be observed shortly after sonication, while complete
extraction of IONPs into the hexane phase took place immediately upon introduction of 3 ml of
ethanol (Figure 2.1a). The IONPs in the oil phase readily showed ferrofluidic behavior in the
presence of an external magnet (Figure 2.2), which is an indication that such phase transfer can be
done at very high IONPs concentration.®® In practice, nanoparticles can form aggregates easily
during the transfer from one phase to another. The Transmission Electron Microscopy (TEM)
images and the hydrodynamic size distribution of IONPs before and after the phase transfer

showed that by our method the IONPs successfully remained as individually-dispersed and
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aggregation-free nanoparticles in the oil phase (Figure 2.1b to ). The IONPs transferred by the
current method are highly stable in a number of organic solvents, such as chloroform, hexane,

cyclohexane, and toluene. They retained as individual dispersion even after 5 times of repeated

precipitation (by ethanol) and resuspension (by oil) cycles.
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Figure 2.1 Phase transfer of the as-prepared aqueous iron oxide nanoparticles into oil. (a) A brief
illustration of the phase transfer process; (b to e) TEM images and the corresponding

hydrodynamic size distribution of iron oxide nanoparticles before (b, c) and after (d, e) the phase

transfer. Scale bar: 50 nm.
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Figure 2.2 Photographs of IONPs transferred from water to hexane by using sodium citrate as the
polyanion species. The bottom layer is the aqueous layer and the upper layer is the organic layer.
Left: ferrofluidic behavior of IONPs in hexane in the presence of an external magnet; Right: No
IONPs were attracted to the sidewall of the container after sitting by the magnet for 10 min,

suggesting high stability and aggregation-free of IONPs in hexane.

Sodium citrate is a critical reagent in the successful phase transfer of the as-prepared IONPs.
Without it, the IONPs refused to enter into the oil phase and remained at the interface. To examine
the role of sodium citrate and the structure of ligands on the surface of IONPs in oil, we carried
out the same phase transfer procedures but replaced sodium citrate with other types of
carboxylate/carboxyl based anion species, including sodium acetate, sodium carbonate, ascorbic
acid and polyacrylic acid (PAA). The effectiveness of the phase transfer with these reagents was
then evaluated by measuring the average particle size by DLS. A broad range of concentrations
was tested to ensure that the best performance of each type of the anions has been tested. The size
distribution of IONPs transferred into oil by each anion type at four typical concentrations is shown
in Table 2.2. This reveals that the concentration of the anion species did have an impact on the
effectiveness of the phase transfer. For singly-charged anion species, namely sodium acetate and

sodium carbonate, the lowest possible particles size in the oil phase was 86.3 and 38.4 nm
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respectively. However, both of them are far larger than the hydrodynamic size of IONPs shown in
Figure 2.1d, which is around 24 nm, suggesting that single carboxylate anions cannot effectively
contribute to the phase transfer of IONPs. As a matter of fact, for most samples obtained from
these two reagents, a large portion of the IONPs in oil were attracted by a magnet to the sidewall
of the container, and aggregated (Figure 2.3). On the other hand, in the presence of reagents
containing polyanion groups, i.e. sodium citrate, ascorbic acid, and polyacrylic acid, the average
size of IONPs after phase transfer can reach very close to 24 nm. Thus, polyanion molecules are

indispensable in transferring the IONPs from water to oil.
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Table 2.1 DLS measurement of the average size of nanoparticles after being transferred into oil

by different anion species.

Anion Conc. Awvg. size of NPs
Species (mM) in oil (nm)*
20.0 ND**
. 26.7 179.4
Sodium Acetate 333 86.3
40.0 204.8
5.0 195.7
. 10.0 51.9
Sodium Carbonate 0.0 38.4
33.3 220.2
1.3 35.4
Sodium 3.9 24.1
Citrate 12.9 24.5
25.9 24.7
0.5 117.9
Ascorbic 1.3 30.5
Acid 2.6 30.8
26.3 25.2
22.0 195.6
Polyacrylic 44.0 55.3
Acid *** 73.3 32.9
110.0 26.6

* After phase transfer, all the samples were washed once with ethanol and resuspended into hexane

for DLS measurement.

** ND means non-dispersible in hexane.

*** Molecular weight: 1.8 K. Concentration was calculated based on the repeating unit.
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Figure 2.3 Phase transfer of IONPs conducted by using sodium acetate (left, 33.3 mM in Table
2.2) and sodium carbonate (right, 20.0 mM in Table 2.2) as the anionic molecules. Aggregates of
IONPs on the sidewall after removal of the magnet suggest partial nanoparticles’ aggregation
during the phase transfer process. Thus, single anion species, namely sodium acetate and sodium
carbonate, are not as effective as polyanion species, namely sodium citrate, in assisting the phase

transfer of IONPs.

Based on the above observation, we proposed the structure of ligands on the surface of the
IONPs, which is depicted in Scheme 2.1. The polyanion species can cap the IONPs once they are
added into the nanoparticle solution, which was indicated by a surface charge reversal of the IONPs.
The as-prepared IONPs have a zeta potential value of +25.2 mV, but it became negative upon the
introduction of the polyanion species (exact values are in the range of -21.4 mV to -54.1 mV
depending on the type and the concentration of the polyanion species). These poly-anion molecules
can also provide additional negatively charged groups to interact with the amine groups of
oleyamine so as to form a second robust coating around the IONPs, which enabled the
nanoparticles to be successfully transferred into the oil phase. For single anion species, although
they can effectively coat the IONPs, due to the lack of additional groups for interaction with amines,

they are not efficient reagents for the phase transfer. In addition, it seems feasible that oleic acid
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alone can replace the functions of both the polyanion species and oleylamine to achieve phase
transfer by the mechanism described above. However, in practice, oleic acid cannot induce the
phase transfer at all, the IONPs remained in the aqueous phase in the presence of oleic acid. As a
result, poly-anion molecules are necessary for phase transfer by interacting with both IONPs and

oleylamine (Figure 2.4).
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Scheme 2.1 Proposed ligand structure on the surface of iron oxide nanoparticles after being

transferred from aqueous to the oil phase.

-28 -



I
g

Figure 2.4 Phase transfer of IONPs using oleic acid as the hydrophobic capping molecules. No
polyanionic molecules were used here. Left: upon sonicating the mixture solution of oleic
acid/hexane and as-prepared aqueous IONPs for 2 min; Right: after addition of ethanol. The
majority of the IONPs remained in the water/ethanol phase, suggesting the ineffectiveness of

oleic acid as the capping reagent for the phase transfer of IONPs.

2.4.2 Synthesis of MNPCs

We then proceeded to make MNPCs with the hydrophobic IONPs obtained from the
optimized phase transfer. The preparation was conducted through a well-known oil phase
evaporation-induced self-assembly of hydrophobic nanoparticles in an oil-in-water emulsion.
Cetyltrimethylammonium bromide (CTAB, 0.1 M) was used as the surfactant to form the emulsion.
A 32 mg/ml hexane dispersion of IONPs (sodium citrate was used as the polyanion species for
phase transfer) was employed to ensure that the MNPCs will be produced at a high yield. The
formation of the MNPCs was confirmed by the TEM images shown in Figures 2.5a and b. These
MNPCs have a typical 3D spherical structure, which is very similar to those made from
hydrophobic IONPs synthesized directly under high temperature in the oil phase. The as-prepared

MNPCs have a wide size distribution. A statistical study of DLS showed that the particle size
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ranges continuously from 20 to 100 nm (Figure 2.5¢). TEM images of typical MNPCs of around
40, 60, and 80 nm are shown in Figure 2.5d to f. In each of these MNPCs, the individual IONPs
were densely packed, despite the fact that the as-prepared IONPs in agueous are not uniform in
either size or shape. This confirms that IONPs made in this manner can perform as well as the
originally hydrophobic nanoparticles in terms of forming MNPCs. To make sure that the clustering
in TEM images was caused during the sample preparation rather than by the gathering of micelles
during the TEM sample preparation, we coated directly the as-prepared MNPCs a thin silica shell.
The core/shell nanoparticles show clearly that the MNPCs were individually dispersed in the
solution phase (Figure 2.5g and h). Besides, we measured the magnetization curves of both
individual and clustered IONPs. The MNPCs synthesized by our protocol presented the same
superparamagnetic characters and fairly highly-saturated magnetization as the individual IONPs

(Figure 2.6). Therefore, the MNPCs has the potential to be applied as a contrast agent in MRI.
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Figure 2.5 Iron oxide MNPCs prepared by using hydrophobic nanoparticles obtained through
phase transfer. (a, b) Low and high magnification TEM images of as-prepared MNPCs; (c) Plot of
the size distribution of the as-prepared MNPCs; (d-f) TEM images of a typical MNPC of around

40, 60, and 80 nm; (g, h) Silica coated MNPCs. Scale bars: 200 nm (a, g); 50 nm (b, d to f, h).
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Figure 2.6 Magnetization curves of single and clustered IONPs at 5 and 300 K. Similar curves
between the single IONPs and the MNPCs proved strong magnetization of MNPCs and indicated

the MNPCs could be applied in MRI.

In addition to using sodium citrate as the polyanion species, we also tried to make MNPCs
with IONPs obtained from two other types of polyanion species, namely ascorbic acid and PAA.
MNPCs similar to those shown in Figure 2.5 can be produced from hydrophobic IONPs assisted
by ascorbic acid. However, only non-dispersible aggregates were generated with the PAA assisted
hydrophobic IONPs. We think this is likely the result of incomplete anchoring of the polymer
chains to the surface of IONPs. In other words, the individual PAA chains were only partially
anchored to the IONPs, while the rest of the chains were extended into the solvent. Such a ligand
configuration would lead to the formation of an incomplete hydrophobic shell during the aqueous
to oil phase transfer process, which would further cause massive aggregation of IONPs once they
were introduced back into water to form the oil-in-water emulsion. Due to these reasons, although
highly water-dispersible PAA coated small IONPs have been prepared by different methods, %%

they are not suitable for making MNPCs through the selective oil phase evaporation approach.
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2.4.3 Size distribution of MNPCs

Previously, the Mao’s lab has reported that nanoparticles of nonuniform size distribution can
be sorted effectively through centrifugation in a PVP-based viscosity gradient.*® Here, we also
attempt to narrow down the size distribution of the MNPCs prepared in this work in a medium of
gradient viscosity. The medium was created by layering aqueous PVP solutions of 40, 35, 30, 25,
and 20 wt% in a 15 ml centrifuge tube (Figure 2.7a). Photographs taken at 30 min intervals show
that the PVP-based viscosity gradient medium could effectively differentiate the settling velocity
of MNPCs of different sizes. After 2.5 h of centrifugation, the MNPCs formed a continuous
distribution throughout the medium based on the size ranges. TEM examination of samples taken
from different PVP density fractions confirmed that MNPCs were well separated by the viscosity
gradient medium and that the particles at the same depth inside the centrifuge tube were indeed

quite uniform in size (Figure 2.7b to d).
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Figure 2.7 Size sorting of MNPCs through centrifugation in a PVP based viscosity gradient
medium. (a) Leftmost, composition of the viscosity gradient medium. All the PVP solutions
contain 0.1 M CTAB. Photographs, taken at 30 min intervals, showing the sedimentation of NPCs
in the medium during centrifuge. (b to €) TEM images of NPCs sampled at different levels inside

the centrifuge tube indicated by arrows in a. Scale bar: 200 nm.

In conclusion, we developed a straightforward and productive phase transfer approach to
make MNPCs based on the reported aqueous IONPs that were prepared by a simple, scalable, and
cost-effective method. We found that small polyanionic molecules are important for the successful
transfer of IONPs from the aqueous to the oil phase. The hydrophobic IONPs made by our phase

transfer method were highly stable in the organic phase even after repeated washes. They could
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form MNPCs comparable to those prepared by using originally hydrophobic IONPs in terms of
shape and packing density of NPs. In contrast to the conventional method of making MNPCs, our
current method does not involve any sophisticated experimental setups nor costly precursor

chemicals. Thus, it significantly reduces the efforts and cost needed for the preparation of MNPCs.

2.5 Results of targeted SPECT

Radioactively labeled M13 phages with or without targeted peptide displayed were injected
in mice having breast cancer tumors. The mice were imaged at 30 min, 1 h, 4 h, and 6 h respectively
after the injection. (Figure 2.8) The image for 2 h time point was excluded from the result due to
the bad quality. The mouse from the targeting group died between the 6 h and 24 h time points,
which precluded imaging beyond 6 h. At 30 min (Figure 2.8a), the tumor of the targeting group
was visualized by the radioactive signal, while the one of the wild-type group was not visible until
4 h after the injection (Figure 2.8a to c). This indicates the radioactively labeled targeting phages
were able to enhance the radioactive signal accumulation in the tumor sites faster than the
radioactively labeled wild-type phages. Additionally, the overall signal of the targeting group is
visually lower than the wild-type group after 1 h (Figure 2.8b to e), likely because the targeting
phages have stronger interactions with vascular endothelial cells than the wild-type phages so that
the targeting phages have a higher metabolic rate. The biodistribution also presented the same case.
(Figure 2.9 and 2.10) The percent injected dose for the targeting group is generally lower than the
wild-type group at both 4 h and 24 h after the injection. The remaining % injected dose in the
mouse is 76.4 % for the targeting group and 88.9 % for the wild-type group at 4 h. At 24 h, it is

54.5 % and 65.6 % respectively.
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Figure 2.8 SPECT for human breast cancer MCF-7 xenograft model. The images were taken at
30 min (a), 1 h (b), 4 h (c), and 6 h (d) respectively after the injection. In each one, the left mouse
was injected with the radioactively labeled targeting phages and the right one was injected with
the radioactively labeled wild-type group. The breast tumor was implanted in the fat pad on the
right side of the mice (left side in the image). The mice sometimes turned over during imaging

such as the left mouse in b.
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Figure 2.9 Biodistribution at 4 h after injection. The percent injected dose per gram equals to
radioactivity per gram of the organ corrected for time decay divided by the total radioactivity

injected into the animal; the percent injected dose per organ equals to total radioactivity in organ

-37-



corrected for time decay divided by the total radioactivity injected into the animal. The
radioactivity was recorded from two mice for each group; error bars therefore represent the range

for each of these two values.

Although the biodistribution at 4 hours shows the wild-type group has higher average
radioactivity in the tumor, considered the few objects (only two mice in each group) and the large
standard bars, there was no significant difference between the two groups. With the imaging results
(figure 2.8), it is clear that the radioactively labeled targeting phages accumulated in the tumor in
a shorter time while metabolized more quickly compared with the radioactively labeled wild-type
phages. At 4 h post injection, the tumor imaging quality seemed to be similar between the two
groups, and at 24 h, most radioactive substance ®™Tc decayed and did not work for imaging

anymore.
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Figure 2.10 Biodistribution at 24 h after injection. The percent injected dose per gram equals to
radioactivity per gram of the organ corrected for time decay divided by the total radioactivity

injected into the animal; the percent injected dose per organ equals to total radioactivity in organ
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corrected for time decay divided by the total radioactivity injected into the animal. The

radioactivity was recorded from the mice in Figure 2.9.

In summary, we developed a radioactively labeled targeting phage for breast cancer SPECT.
With this targeting phage, the breast tumor could be imaged earlier (within 30 min after the
injection) than using the radioactively labeled wild-type phages. However, the analysis of the
biodistribution was only carried out for the 4 h and 24 h time points post the injection, while in
hindsight the 4 h time point would be desirable. In addition, a larger number of experimental
subjects in each group should be used to limit the uncertainty and account for the possibility of
premature death of the subjects. Besides, another group with free ®*™Tc should be investigated to

compare with typical SPECT.

2.6 Conclusion and discussion
Overall, we designed a method of MNPC synthesis as well as a radioactively labeled targeted
phage. These have the potential to benefit the MRI and the SPECT imaging methods, respectively.

However, further investigations are needed for both studies.

The MNPCs we synthesized are simple, scalable, and cost-effective, but we have not
evaluated them in MRI applications. The proton transverse relaxivity with an extra magnetic field
should be analyzed because it is a key factor to enhance the contrast in the MRI. Moreover, MRI
with and without the MNPCs by using animal tumor models would provide visual evidence of its

potential to be a contrast agent.

The SPECT imaging strategy with radiolabeled phage is an advanced alternative strategy for
the traditional in vivo fluorescent imaging to evaluate the tumor affinity of the candidate peptide

of in vivo phage biopanning against a tumor model. SPECT is also the first time to be used for this
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typical purpose. In most studies, the regular imaging strategy for this purpose is to compare the
fluorescent accumulation by in vivo fluorescent imaging which has two major limitations: 1. The
background or noise is usually high since the image represents the overall fluorescence of the
whole body. 2. The resolution of in vivo fluorescent images is low and the fluorescent
accumulation is unable to quantify or semi-quantify. However, by imaging the animals with
radiolabeled phage candidates and SPCET imaging system, then precisely quantifying the organs
by a Gamma Counter instrument, we are able to evaluate the tumor affinity clearly as well as the
biodistribution of the phages. In sum, SPECT imaging of tumor models directly using the
radiolabeled phage candidate is a powerful strategy for phage-derived anti-cancer antibody

screening research.
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Chapter 3: Small RNA guantification methods by using nanoparticles

3.1 Introduction

Small non-coding RNA (sncRNA) is a type of RNA that does not encode proteins and is less
than 200 nucleotides (nts).?” sncRNA is crucial for multiple biological processes due to its gene
regulation functions. For example, micro RNA (miRNA) hybridizes to mRNAs to down-
regulating gene expression;* Piwi-interacting RNA (piRNA) silences genes by suppressing
transposon activity to ensure genetic fidelity.®” Therefore, the abnormal expression level of small
ncRNAs is related to diverse diseases, such as cardiovascular diseases and cancer.%1% Accurate
quantification of the small ncRNAs can not only benefit our understanding of the mechanism for

these diseases, but also improve the precision of clinical diagnosis and prognosis.?>: 9 104, 106-108

Despite there are several common detection methods for RNA, such as gRT-PCR and cDNA
microarray, these methods are difficult to be applied to small ncRNA especially when the sequence
length is as short as 20 nts/bps. Such a small size makes small RNA unsuitable for cDNA synthesis

that is required for both qRT-PCR and cDNA microarray.109-110

Therefore, Dr. Aron Roxin, Dr. Yan Zeng, and | attempted to develop a small RNA
quantification method by recruiting pyropheophorbide-a (pyro) and magnetic beads. (Scheme 3.1)
In this method, miR21, which is associated with multiple cancer types,>2® was used as a target
RNA. Magnetic beads are able to capture pyro only when the target miR-21 is present in the
sample, and the concentration of miR-21 can be quantified by analyzing the concentration-
dependent signal of the captured pyro. Pyro is a fluorescent molecule (excitation: 410 nm,
emission: 675) and can produce singlet oxygen with 680 nm excitation. Because it can produce
singlet oxygen, it is frequently used for tumor photodynamic therapy and photodynamic
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diagnostics.!'! This small RNA quantification method is the first time to recruit pyro to RNA
quantification. We hypothesized the concentration of singlet oxygen and pyro are linear dependent
so that the singlet oxygen signal would be concentration dependent on the captured pyro.
Meanwhile, the singlet oxygen production efficiency of pyro positively correlates to the laser
power. We expected that the quantification based on the singlet oxygen would reduce the limit of
detection by amplifying the signal. The concentration of singlet oxygen can be quantified by a
commercial reagent called Singlet Oxygen Sensor Green (SOSG). The fluorescent signal arising
from the interaction of singlet oxygen and SOSG is linear with respect to singlet oxygen
concentration.

Amino-miR21-B
P

Biotin-miR21-A e
AYAA A 4

Target miR21

Scheme 3.1 Structure of miR21-A probe/miR21/miR21-B probe complex. “MB” presents
streptavidin modified magnetic beads. “P” presents pyro. The biotin modified miR21-A probes
and the amino modified miR21-B probes are respectively partial complementary to the target,
miR-21. The biotin modified miR21-A probes are conjugated to the streptavidin modified
magnetic beads as probe A labeled magnetic beads. The amino modified miR21-B probes are
conjugated to the pyro as pyro labeled probe B. As a result, the magnetic beads are able to capture
pyro when the target miR-21 exists. Uncompleted pyro can be separated from the captured pyro
by a magnet. The fluorescence of the captured pyro would be measure and represents the amount
of the target miR-21. Furthermore, 680 nm laser treatment, pyro would produce singlet oxygen

which can be detected by SOSG (ex: 485 nm, em: 528 nm).
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Another available method for small RNA detection is to use molecular beacon (MB), a DNA
based probe having a hairpin structure. This hairpin probe is used to position a quencher and a
fluorophore in proximity. The fluorescence signal can only be detected when the probe is
hybridized with its target. This strategy does not require reverse-transcription of the target small
RNAs. Aside from nucleic acid detection, MBs are also meaningful for disease monitoring, the

study of protein-DNA interaction, and other applications.*?

However, traditional MBs mainly use fluorescent molecules as fluorophores, which has
several limitations. First of all, many cells and tissues have an autofluorescence that causes
relatively high background,!**14 requiring RNA purification before detection. This is undesirable
because it leads to unavoidable RNA loss.!*>116 In addition, fluorescent molecules can be
photobleached, '8 impacting fluorescent signal intensity stability that reduces the reliability of
detection and quantification. Although there are several methods to solve this issue, such as
minimizing light exposure and creating a photobleach curve, it would be easier if we can find

something stable to replace the fluorescent molecules.
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Scheme 3.2 Scheme of NPMB (nanoparticle based molecular beacon). A thiol modified hairpin

DNA probe contains three regions: a poly A region, a target recognizing region, and a 3’ thiol end.
The thiol group modified at the 3 end of the hairpin DNA probe and conjugates to a Au NP (dark
blue sphere) that serves as a quencher of the UCNPs (green hexagon). There are several extra
nucleotides between the target recognizing region and the thiol group, to protect the target
recognizing DNA from potential damage in the conjugation process of DNA and Au NPs. UCNP
bind with a poly T DNA oligo by lanthanide ion and phosphate group interaction, and the poly T
tract is hybridized to the poly A tract on Au NPs. Thus, the DNA modified Au NP and the DNA
modified UCNP are assembled. The hairpin structure of the target recognizing region can unwind

and hybridize with the target RNA. UCNP is quenched by Au NP without the target RNA; when
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the target presents, the hairpin DNA probe hybridizes with the target and the UCNP fluorescence

will be detected.

In this study, Dr. Penghe Qiu and | present a novel nanoparticle-based MB (NPMB) for
small RNA detection using upconversion nanoparticles (UCNPs) as fluorophores, and gold
nanoparticles (Au NPs) as quenchers. (Scheme 3.2) NPMB is a promising small RNA detection
candidate for the following two reasons. First, the NPMBs are able to detect and quantify small
RNAs without purification. Unlike fluorescent molecules, the exciting wavelength of UCNPs is
longer than the emitting wavelength.1*® Due to this unique optical property, this detection method
has an ultra-low background and can detect RNAs in a complex environment such as plasma,
serum, and urine samples. Second, UCNPs are stable and can be stored at room temperature for
years without being protected from light. To evaluate the NPMBs small RNA detection strategy,
miR-21 and DNA-mi21 were employed as example targets. The nucleic acid sequences involved
in this project are listed in Table 3.1. This novel NPMB can detect both small DNA and RNA as
low as aM level, even in plasma. The linear detection ranges from 1 aM to 100 fM for DNA and

10 aM to 1 pM for RNA.

Table 3.1 Probe and target sequences of NPMB

DNA on UCNPs ITTTTTTTTTTTTTT T

DNA on Au NPs for | AAAAAAAAAAAAAGTTGTATCGAATAGTCTGACTACA
NPMB ACTGGG-Thiol

Target DNA (DNA-mi21) | TAGCTTATCAGACTGATGTTGA

Target RNA (miR-21) UAGCUUAUCAGACUGAUGUUGA
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3.2 Materials and method of pyro and magnetic beads based small RNA quantification

3.2.1 Pyro synthesis!?°

Pyro was synthesized by following previously published work. 673 mg of Chlorin e6
trimethyl ester was dissolved in 25 ml of collidine and then heated to 50<C under vacuum.
Potassium tert-butoxide in THF (tetrahydrofuran) was added dropwise over 10 min until the color
changed from dark green to dark orange. The mixture was moved to room temperature and stirring
at 350 rpm for 2h in the dark. Then 27 ml of degassed acetic acid was added to the mixture
dropwise over 10 min while stirring at 350 rpm. The solvents were removed under vacuum
sequentially at different temperatures: THF at 20<C, Acetic acid at 70-90<C, and collidine at 95-
130<C. The crude was again dissolved in 38ml collidine, stirred at 350 rpm, degassed under
vacuum, and heated to 185-191<C for 5 hours. Finally, after the removal of collidine, the product

was placed in nitrogen gas, stored in the dark at -20<C.

3.2.2 Pyro labeled probe B

Amino modified miR21-B probe was bound to pyro following a reported method.*?* For
each detection sample, the following components are mixed successively in a foil-covered tube:
20 uL of 5 mM pyro in DMF (N,N-Dimethylformamide), 5 pL. of 20 mM TBTU [N,N,N’,N'-
tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate] in DMF, 20 uL of 100 uM amino
modified miR21-B probe, and 42.5 uL of water. 1 uL of N,N-diisopropylethylamine (DIPEA) was
added and mixed. The samples were rotated overnight at room temperature. To purify the pyro
labeled probes, the samples were washed with ethyl ether twice; the aqueous phase contained the

pyro labeled probes, and the organic phase contained the extra pyro.
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3.2.3 Probe A labeled magnetic bead

For each detection sample, 100 ug of streptavidin magnetic bead was washed with PBS three
times and resuspended in 100 puL of TE buffer. 15 puL of 100 uM biotin modified miR21-A probe
or desthiobiotin modified miR21-A probe was added. The samples were shaken for 30 min at room
temperature. The free probe would be separated from the captured probe by a magnet. Each sample

was resuspended in 100 pL of water.

3.2.4 Detection sample preparation

For each detection sample, the probe A labeled magnetic bead, pyro labeled probe B, and
gradient concentration of the target miR-21 were added. Water was added to fill 500 pL. The
samples were rotated for 1 h at room temperature. Then, the samples were washed with water and
resuspended in 150 pL of water. 150 uL of methanol and 3 pL of SOSG was added. The
fluorescence intensities of pyro (ex: 410 nm, em: 675 nm) were recorded before 680 nm laser
treatments, and the fluorescence intensities of SOSG (ex: 485 nm, em: 528 nm) were recorded

before and after 680 nm laser treatments. The fluorescence was measured by a plate reader.

3.3 Materials and method of NPMBs based small RNA quantification

3.3.1 Synthesis of Au NPs

Au NP seeds were synthesized by following a reported method.*! 600 pL of 0.06 M HAuCl4
was mixed with 45 mL of H20 under heating and stirring. After the temperature got 95 °C, 7 mL
of 40 mM sodium citrate was added. About 10 min later, the color of the solution changed from
light yellow to light red, and then became dark red. The Au NP seeds were suspended in the

solution.

To synthesize Au NPs with 540 nm absorption, we referred to a polyvinylpyrrolidone (PVP)

coating method on Au NPs.*! By adjusting the concentration of Au NP seeds and PVP, we
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developed the Au NPs absorbing at 540 nm. Specifically, 200 puL of 5xconcentrated Au NP seeds
in EtOH with 1% PVP was stirred overnight. The 5> Au NPs solution was mixed with 4 mL of
dimethylformamide with 10% PVP and 40 uL of 60 mM HAuCls under vigorous stirring. 20 uL
of 78.8mM sodium ascorbic was added twice with a gap of 15 min. About 1 hour later, the Au NPs

were suspended in the solution.

To make the TEM sample, 2 uL of the Au NP sample was loaded on the TEM grid. The grid
was dried with filter paper after 2 min. The absorption spectrum of Au NPs was measured by

Implen NanoPhotometer.

3.3.2 DNA coating of Au NPs

The AuNPs were modified with the DNA probe, “DNA on Au NPs”, by following report
work.'?2 The Au NPs were washed with EtOH three times and with water twice. The Au NPs were
resuspended in 4.5 mL of H20. 34 uL of 100 uM DNA on Au NPs and 1 pL of 10 mM TCEP was
mixed and incubated at room temperature for 1 hour. The Au NPs in 4.5 mL of H20 and the
incubated DNA solution was mixed under stirring overnight. The unbound DNA was removed by
centrifugation. The DNA modified Au NPs were resuspended in 4.5 mL of H20. To make the
TEM sample, 2 puL. of the DNA modified Au NPs were loaded on the TEM grid. The grid was

dried with filter paper after 2 min.

3.3.3 Synthesis of UCNPs with green emitting light

UCNPs were synthesized by following a reported method.'® 2 mmol of YCls 6H20, 0.45
mmol of YbCls 6H20, and 0.05 mmol of ErCls 6H20 were dissolved in 13.75 mL oleic acid and
11.25 mL 1-octadecene under stirring and vacuuming at 110 °C. 10 mmol of NaF was dissolved
in 13.75 mL oleic acid and 11.25 mL 1-octadecene under stirring and vacuuming 110 °C. After

dissolving, the above two solutions were mixed and vacuumed for 30 min under stirring at 110 °C.
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The reaction system was flushed with N2 for 20 min and was heated in an oil bath (300°C) under
the protection of N2 for 30 min. When the solution cooled down, EtOH with the same volume was
added to it and was centrifuged for 20 min at 3000 RPM. Later, 10 mL hexane was mixed with the
sediment and then kept stand for 10 min. After repeating adding EtOH and centrifuging, the
UCNPs were kept in 4 mL chloroform for the following use. To make the TEM sample, 2 pL of
10-time diluted UCNP sample was directly loaded on the TEM grid. To quantify the concentration
of UCNP solution, 1 mL of the undiluted sample was dried ina 1.5 mL centrifuge tube. The weight
of the centrifuge tube was measured with and without the dried sample. All the emission spectra
of UCNPs including NPMB were measure by an Agilent Cary Eclipse Fluorescence

Spectrophotometer.

3.3.4 DNA coating of UCNPs

Based on the published DNA coating method of UCNPs,*!° we enrolled IGEPAL® CO-520
to modify UCNPs with DNA. 10 mL of cyclohexane with 5 mg of UCNPs was mixed with 500
uL of IGEPAL® CO-520 under sonication for 15 min. The mixture was mixed with 40 pL of 1
nM DNA on UCNPs under vigorous stirring overnight. 10 mL of EtOH was added to wash the
DNA coated UCNPs. The DNA coated UCNPs were further washed with EtOH twice and with
water once. The DNA modified UCNPs were resuspended in 1 mL of H20. To make the TEM
sample, 2 uL of the 10-time diluted DNA modified UCNPs were loaded on the TEM grid. The

grid was dried with filter paper after 2 min.

3.3.5 Synthesis of NPMBs and the control group
1 mL of DNA modified Au NPs and 200 uL of DNA modified UCNPs were mixed under

stirring for 1 hour. The NPMBs or the control group were centrifuged and resuspended in 1 mL of
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H20. To make the TEM sample, 2 uL of the NPMB sample or the control group was loaded on the

TEM grid. The grid was dried with filter paper after 2 min.

3.3.6 Detection of the target DNA and RNA

The NPMBs were centrifuged and resuspended in 1 mL of H20 or 1 ml of spiked plasma,
respectively. The spiked plasma was made by the removal of endogenous target RNAs by magnetic
beads from a commercial plasma. Gradient concentrations of 1 pL of target DNA or miR-21 were
mixed with 199 pL of NPMBs under stirring for 1 hour. The emission spectrum was detected by
a spectrometer and analyzed by Origin® 8.6. A 980 nm laser was used as the excitation light and

the excitation of 400 nm to 600 nm was recorded.

3.4 Results of pyro and magnetic beads based small RNA quantification

3.4.1 Characterization of pyro and selection of laser treatment

Streptavidin can specifically bind to both biotin and desthiobiotin with similar binding
affinities.'?® However, the binding between desthiobiotin and streptavidin is published as more
readily reversible.!?* To examine if using biotin or desthiobiotin would impact our assay, both
biotin modified miR21-A probe and desthiobiotin modified miR21-A probe were conjugated to
streptavidin modified magnetic beads, referred to probe A (Biotin) labeled magnetic beads or
probe A (DTB) labeled magnetic beads respectively. Excess miR-21 and pyro labeled probe B
were mixed with probe A (Biotin) labeled magnetic beads and probe A (DTB) labeled magnetic
beads separately. The fluorescence signals of pyro and SOSG were recorded in Figure 3.1. There
was no significant difference between desthiobiotin and biotin. Considering the price, we chose to

use biotin for the following research.

Different doses of 680 nm laser treatment were tried (Figure 3.1 b) to select the laser

treatment with the best singlet oxygen generation efficiency. The result presented the fluorescence
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intensity of SOSG was higher under 680 nm laser treatment with stronger power. The fluorescence
increase per Joule was highest under 0.5-1 J. As a result, we would use 25 mW of 680 nm laser to

treat each sample for 20 s to make 0.5 J.
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Figure 3.1 Fluorescence of pyro (a) and SOSG (b). The biotin modified miR21-A probe (Biotin)
and the desthiobiotin modified miR21-A probe (DTB) were both tried to verify the conjugation
efficiency. Excess miR-21 was added for target groups; there was no miR-21 for the control
groups. There was no significant difference between using biotin or desthiobiotin since the
fluorescence signals are similar of DTB+Target and Biotin+Target. The fluorescence increase per

Joule was highest under 0.5-1 J.

3.4.2 Determination of detection range

To estimate the detection range, the fluorescence of pyro in the absence of any conjugation
was measured, resulting in a limit of detection (LOD) for pyro was about 100 fM. LOD was
calculated by following a reported equation: LOD = 3Sa/b, where Sa presents the standard
deviation, and b is the slope of the trend line.!?® As a result, quantification of the target miR-21
was tested within concentrations between 100 fM to 10 uM. Subsequently, we detected the

fluorescence of SOSG with different concentrations of pyro from 100 fM to 1 uM. The linear
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detection range of singlet oxygen by SOSG was 10 pM to 1 uM. Although the detection range
based on the singlet oxygen signal is higher than the detection based on the fluorescence signal,
the linearity of singlet oxygen signal is better since the R square value of singlet oxygen is closer
to 1 compared with the one of fluorescence of pyro (Figure 3.2). Further studies are needed to
determine if the LOD based on the singlet oxygen signal with fluorescent SOSG readout can be

improved by laser treatment with stronger power.
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Figure 3.2 Fluorescence of pyro (a) and the fluorescence change of SOSG (b) with different
concentrations of pyro. a: The p value lower than 0.01 indicated the relationship between the
fluorescence and the concentration of pyro is a linear regression even though the R square value
was lower than 0.9. b: the singlet oxygen signal was proved to be linear dependent on the

concentration of pyro.

3.4.3 Target miR-21 quantification

To verify the quantification efficiency of this pyro and magnetic beads based system, we
measured the fluorescent signal of pyro and SOSG with different concentrations of the target miR-
21(Figure 3.3). Based on the detection results of pyro’s fluorescence, (Figure 3.3 a) the logarithm
of fluorescence intensity showed a linear correlation with the logarithm of the target concentration

when the target miR-21 ranges from 2 pM to 20 nM. However, when referring to the signal based
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on singlet oxygen, (Figure 3.3 b) the fluorescence signals have no significant change among
variable target concentrations. Furthermore, pure magnetic beads (MB in Figure 3.3 b) triggered
the fluorescence of SOSG, which indicates magnetic beads may be able to generate singlet oxygen
with 680 nm laser treatment because SOSG was reported to be highly selective for singlet oxygen.

This phenomenon has not been reported before. Further research is required to verify this

discovery.
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Figure 3.3 Fluorescence of pyro (a) and the fluorescence change of SOSG (b) with different target
miR-21 concentrations. a: The linear quantification range of miR-21 based on the fluorescence of
pyro is 2 pM to 20 nM. b: MB means there is no pyro or target miR-21 in the system and is used
as a negative control. Pyro indicates there is only pyro and SOSG in the solution and is a positive
control. There was no significant difference among groups with different miR-21 concentrations
because of the background signal from magnetic beads that was as strong as the signal in the

positive control.

In summary, we attempted to develop a small RNA quantification method by utilizing pyro
and magnetic beads. In this method, we would like to take the advantage of pyro that its fluorescent

signal and singlet oxygen producing ability are both in proportion to the concentration. Meanwhile,
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we used magnetic beads for separation and purification. We did achieve linear detection based on
the fluorescence of pyro and the detection range is from 2 pM to 20 nM. However, because of the
significant background of magnetic beads, we could not detect the target RNA based on the singlet
oxygen signal. We found magnetic beads might have the ability to generate singlet oxygen as well,

but further verifications are needed.

3.5 Results of NPMB based small RNA quantification

3.5.1 Characterization of UCNPs, Au NPs, and DNA modified NPs

Figure 3.4 presents the TEM image and the emission spectrum of the as-prepared UCNPs.
The TEM image of UCNPs (Fig. 3.4a) shows that hexagonal UCNPs has a uniform size of 30 nm
in diameter without obvious aggregation. The emission spectrum of UCNPs (Fig. 3.4b) was
determined after excitation with a 980 nm laser. The spectrum indicates two emission areas of
UCNPs, a weak peak from 400 nm to 415 nm, and two major peaks from 510 nm to 570 nm. The
highest emission is at 541 nm. To assure a measurable quench-release fluorescence change, the

510 nm to 570 nm area was selected for detection.
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Figure 3.4 TEM image (a) and emission spectrum (b) of UCNPs. The diameter of UCNP is 30
nm; the scale bar indicates 50 nm. The excitation wavelength of UCNP is 980 nm; the emission

light is at 541 nm.

The TEM image of Au NPs (Fig. 3.5a) shows that Au NPs are irregular in shape with a
uniform size of 20 nm as the diameter. The absorption spectrum (Fig. 3.5b) proves the absorption
area of Au NPs overlaps the emission light of UCNPs. The highest absorbance of Au NPs is at 546
nm. The spectrums of UCNPs and Au NPs demonstrate that Au NPs can be used as a quencher for

UCNPs.
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Figure 3.5 TEM image (a) and absorption spectrum (b) of Au NPs. The diameter of the Au NP is

20 nm; the scale bar indicates 50 nm. The absorption peak of Au NP in b is at 546 nm.

After DNA modification, UCNPs and Au NPs were characterized by TEM and emission
spectrum to study the influence of the DNA label. As shown in Figure 3.6, for both UCNPs and
Au NPs, there is no significant change in size, shape, or spectrum after DNA modification.
Therefore, DNA modified Au NPs are still able to quench the DNA modified UCNPs. However,
UCNPs are slightly aggregated after DNA modification. We suggest this aggregation follows the
mechanism of the interaction between DNA and UCNPs. The phosphate groups on DNA interact
with the lanthanide ions on UCNPs.!*® Thus, a single DNA strand can react with a few UCNPs
and links them together; each UCNP may interact with several DNA strands as well, that further
aggregates the UCNPs. Although we used IGEPAL® CO-520 to lower the interaction between
DNA and UCNPs, aggregation could not be fully avoided. The TEM image of DNA modified

UCNPs without IGEPAL® CO-520 is shown in Figure 3.7, in which aggregation is prominent.
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Figure 3.6 TEM image (a) and emission spectrum (b) of DNA modified UCNPs; TEM image (c)
and absorption spectrum (d) of DNA modified Au NPs. The scale bars in a and c indicate 50 nm.
Neither the shape nor the spectrum was significantly changed for UCNPs and Au NPs after the

DNA modification.
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50 nm

Figure 3.7 TEM image of DNA modified UCNPs without IGEPAL® CO-520. The scale bar

indicates 50 nm.

3.5.2 Characterization of NPMBs and UCNP emission spectrum

Different ratios between UCNPs and Au NPs were tried to ensure maximum quench
efficiency without the target but measurable fluorescence recovery with the target present. Finally,
NPMBs were made by 1 mL of DNA modified Au NPs with 200 pL. of DNA modified UCNPs
due to the best performance of DNA detection. The NPMBs were characterized by TEM and
fluorescence spectrometer as shown in Figure 3.8. In the TEM images (Fig. 3.8a), several UCNPs
are observed surrounding one or two Au NPs. This likely arises from two sources. First, UCNPs
slightly aggregated during DNA modification. Second, on the surface of Au NPs, there are dozens
of DNA strands, but there are only a few DNA stands on UCNPs. As a result, each Au NP can
bind with multiple UCNPs. Unlike NPMB, in the control group, most Au NPs and UCNPs are
separate. This indicates that the function of DNA probes in positioning the quencher and the

fluorophore in proximity. The spectrums of NPMBs, control MBs, and DNA modified UCNPs
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(Fig. 3.8c) were detected with the same concentration of UCNPs. The 980 nm laser was used as
excitation light. The spectrums prove that the DNA modified Au NPs can significantly quench
DNA modified UCNPs without changing the spectrum pattern. In addition, the fluorescence
intensity of the control group is lower than NPMB, which further proves the function of DNA
probes. These spectrums indicate the NPMBs could be potentially applied for nucleic acid

detection.
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Figure 3.8 TEM images of NPMB (a) and control group (b); emission spectrum (c) of the control
group (Blue), NPMBs (Orange), and DNA modified UCNPs (DNA-UCNPs, gray). The scale bar

indicates 50 nm in the TEM images. The red arrows indicate the Au NPs. Same concentrations of
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UCNPs are detected for spectrum in NPMB solution, control solution, and DNA modified UCNPs.

The control group was synthesized by using non-complementary DNA probes.

Origin® 8.6 was used to fit the UCNP emission spectrum as shown in Figure 3.9. The

spectrum is fitted as 4 peaks. In data analysis, the cumulative peak area of fit peak 3 and fit peak

4 is used as the main peak area; the cumulative peak area of all four fit peaks is used as the whole

peak area. Based on the subsequent study, the detection linearity of the main peak area is better

than the whole peak area, yet both the main peak area and the whole peak area can be used to

determine the target concentration.
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Figure 3.9 Peak fit image of UCNP emission spectrum. The emission spectrum of UCNP is fitted

as 4 peaks by Origin® 8.6. The cumulative peak area of fit peak 3 and fit peak 4 is used as the

main peak area for data analysis; the cumulative peak area of all four fit peaks is used as the whole

peak area.
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3.5.3 Detection of DNA and RNA in different solutions

To validate the detection of NPMBs, DNA-mi21 in an aqueous solution was detected. As
shown in Figure 3.10, within the DNA concentration range of 1 aM to 1 pM, the fluorescence
signal of NPMBs increased correspondingly to the increasing concentration. The main peak area
and whole peak area were used for analysis, and the coefficient of determination (R?) for both area
versus target concentration plotting, from 1aM to 100 fM, is larger than 0.99, which indicates high
linearity. In other words, the detection range of NPMBs for DNA in an aqueous solution is from 1

aM to 1 pM while the linear detection range is from 1 aM to 100 aM.

DNA aqueous solution detection results
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Figure 3.10 UCNPs emission spectrum with different target DNA concentrations. The
concentrations are the final concentrations of detected samples. The error bar indicates the

cumulative standard errors from Origin® 8.6. Both the main peak area (Blue) and whole peak area
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(Orange) indicate that the linear detection range for the target DNA aqueous solution is from 1 aM

to 100 fM.

miR-21 in aqueous solution was also analyzed to evaluate the detecting resolution of NPMBs
against RNAs (Fig. 3.11 and 3.12). Similar to DNA aqueous solution detection, the higher target
concentration leads to the growth of the fluorescence signal when the target RNA ranges from 1
aM to 1 pM. However, the linear detection range rose to 100 fM to 1 pM, which was 1 aM to 100
fM for DNA. One possible reason is that RNA is less stable than DNA sharing a similar sequence,
especially with such a short length at such low concentrations. Although autoclaved Milli-Q™

(Millipore) purified water and RNase free pipette tips were used for the experiments, part of RNAs

might still degrade.

RNA aqueous solution detection results
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Figure 3.11 UCNPs emission spectrum with different target RNA concentration in agueous

solution. The concentrations are the final concentrations of detected samples. The error bar
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indicates the cumulative standard errors from Origin® 8.6. Both the main peak area (Blue) and the
whole peak area (Orange) indicate that the linear detection range for target RNA aqueous solution

is from 10 aM to 1 pM.

RNA agueous solution detection results
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Figure 3.12 UCNPs emission intensity vs target RNA concentration in aqueous solution. The data
point at 1 aM of the target miR-21 concentration was off from the trendline, which indicates that

1 aM is out of the linear detection range for RNA, so as the lower R?,

To further study the NPMBs detection performance in a complex environment, miR-21 in
spiked plasma was investigated (Fig. 3.13 and 3.14). Figure 3.13 proves that NPMBs are capable
to quantify aM level RNA in plasma without purification. Furthermore, Figures 3.13 and 3.14
proved that the detection sensitivity of NPMBs is not influenced by background nucleic acids and
proteins in plasma, because the detectable concentration is still 1 aM to 1 pM and the linear
detection range is still from 10 aM to 1 pM, as same as the one for RNA in aqueous solution. This
indicates NPMBs can be potentially used to detect small RNA in cell lysis solution without

purification. In this RNA plasma detection, although the coefficients of determination (R?) for 1
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aM to 1 pM is higher than the one for 10 aM to 1 pM (Fig. 3.13 and 3.14), we think the data at 1
aM is not reliable and should not be counted into the linear detection range. Because the
fluorescence signal at 1 aM had a different peak shape, which contained four peaks in the main
peak area rather than two (Fig. 3.13). The different shape of fluorescence indicates experimental
errors and the data at 1 aM is not reliable. In addition, we would like to point out that the 980 nm
laser was repaired for the damage before the RNA plasma detection. It resulted in different laser
power for RNA plasma detection compared to the other two detection trails. Figures 3.10 to 3.14
presented that the fluorescence intensity of RNA plasma detection is overall higher than
DNA/RNA aqueous detection. The variable laser powers generate the variation of detection
resolution that can be evaluated by the slopes of the linear fitting equations. The larger slop

indicates a higher resolution.

RNA plasma detection results
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Figure 3.13 UCNPs emission spectrum with different target RNA concentration in plasma. The
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concentrations are the final concentrations of detected samples. The error bar indicates the
cumulative standard errors from Origin® 8.6. Both the main peak area (Blue) and the whole peak

area (Orange) indicate that the linear detection range for target RNA plasma solution is from 10

aM to 1 pM.
RNA plasma detection results
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Figure 3.14 UCNPs emission intensity vs target RNA concentration in plasma. Although R? is
higher for range 1 aM to 1 pM than the one for range 10 aM to 1 pM, 1 aM should not be included
in the linear detection range for RNA in the plasma due to the abnormal shape of the fluorescence

at 1 aM.
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Figure 3.15 UCNPs emission intensity vs target RNA concentration in aqueous solution at
different distances between laser and sample. The slopes of the trendlines decrease while the laser-

sample distances increase.

Another important factor to promise repeatable precise small RNA/DNA quantification by
NPMBs is to standardize the distance between the laser point and the sample solution. In the
experiment, the external laser was settled manually. In every detection trail, the position of the

laser could be slightly moved. To investigate the relation between the detection resolution and the
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distance from the laser source, the detection was operated under different distances between the
samples and the laser source with the same laser power. The results are presented in Figure 3.15.
The increasing laser-sample distance decreased the detection resolution. When the distance is
further than 2 mm, the fluorescence signals of NPMBs has no significant difference among
different target concentrations. Overall, the excitation light intensity, decided by the laser power
and the laser-sample distance, influences the fluorescence intensity to control the detection

resolution.

In sum, the small RNA/DNA quantification probe, NPMB, can successfully detect both
small DNA and small RNA from 1 aM to 1 pM. The linear detection range is 1 aM to 100 fM for
DNA and 10 aM to 1 pM for RNA. Furthermore, the unpurified RNA in plasma can be detected

with the same detection region.

3.6 Conclusion and discussion

In conclusion, we verified the fluorescence of pyro has the potential to be utilized for RNA
quantification. Although the singlet oxygen signal linearly depends on the concentration of pyro,
we failed to quantify the target RNA by using the singlet oxygen signal due to the background
caused by magnetic beads. However, if the purification method is redesigned to avoid magnetic
beads in the analyte, the singlet oxygen signal of pyro might be helpful for RNA quantification.
For instance, biotin could be replaced by desthiobiotin. Because the binding between desthiobiotin
and streptavidin is reversible,’** magnetic beads are able to be separated from pyro after the

washing step.

In addition, magnetic beads were found to trigger the fluorescent signal of SOSG which is

considered to be triggered only by singlet oxygen. This indicates that either magnetic beads can
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generate singlet oxygen that was not reported, or SOSG’s fluorescence could be triggered by

something besides singlet oxygen. Further investigations are required to verify our hypotheses.

Besides, we developed a NPMB for simple and rapid small RNA detection with low
background and detection limit by using UCNPs as fluorophores and Au NPs as quenchers. The
special optical property of UCNPs enables NPMB to achieve label-free and purification-free RNA
detection. This method can detect small RNA as low as aM level in complex, such as plasma. This
indicates that the NPMB has the potential to quantify small RNAs in cell lysis solutions. The

detection resolution is influenced by the laser power and the laser-sample distance.
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Chapter 4: Summary and discussion

4.1 Summary

As one of the most common causes of death, cancer terminates millions of lives globally
every year.! For most types of cancers, early diagnosis is one of the key factors to increase the
survival rate.! My studies were focusing on developing and applying various functional
nanomaterials for early diagnosis of cancer, including non-invasive cancer imaging®?® and RNA

biomarker detection®.

On one hand, we developed an effortless strategy to synthesize MNPCs as a potential
contrast agent to enhance the quality of MRI for tumor diagnostic imaging. Meanwhile, to
specifically increase the accumulation of diagnostic isotope in the tumors, we tagged a tumor-

homing peptide sequence with ®"T¢ for targeted SPECT.

On the other hand, we proposed two strategies utilizing pyro and UCNPs to quantify small
RNA biomarkers with approximating 20 nts/bps which are so small that unsuitable for cDNA

synthesis.

4.2 Novel nanomaterials for cancer imaging

Here, we proposed two strategies to improve and expand the application of MRI or SPECT
cancer imaging associating studies. One is to develop a simple, economic method to recompose
the IONPs to MNPCs those are contract agent for MRI. The other one is to surface modify tumor
targeted phages with chelator NHS-MAGs and **™Tc to evaluate the tumor imaging quality of

SPECT in an animal tumor model.
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4.2.1 New MNPCs synthesis strategy for MRI

Although starting with hydrophobic IONP precursors is inevitable to assemble MNPCs,
instead of directly synthesizing costly and non-scalable hydrophobic IONPs, our phase transfer
strategy starts with aqueous IONPs and converts aqueous IONPs to hydrophobic IONP precursors
in an extremely rapid and simple way. The polyanionic molecules were confirmed to play an
important role to successfully transfer the IONPs from the aqueous to the oil phase. The polyanion
can cap the IONPs once they are added into the nanoparticle solution, which was indicated by a
surface charge reversal of the IONPs. The highly negative charge of the poly-anion molecules can
further interact with the amine groups of oleyamine to form a second coating around the IONPs,
which enabled the nanoparticles to be successfully transferred from the aqueous phase to the oil
phase. Neither the aqueous IONPs synthesis nor the phase transfer required any sophisticated
experimental setups or costly precursor chemicals. Therefore, our novel strategy significantly
reduces the efforts and costs needed for the preparation of MNPCs. However, the performance of

our as-prepared MNPCs as a MRI contrast agent needs to be examined.

4.2.2 SPECT for tumor targeted imaging

To surmount the barrier of the uncertainty of the EPR effect, breast cancer targeting phages
were radioactively labeled and applied in SPECT for targeting imaging. These phages were likely
to achieve targeting imaging because the breast cancer tumor was visualized at 1 h post injection
while there was no visible signal in the tumor in the wild-type group until 4 h post injection.
However, it cannot be concluded without a repeat of the animal studies. More objects in each group

and an extra group with the injection of free **™Tc are desirable.
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4.3 Accurate and sensitive strategies for small RNA quantification

In the two strategies we proposed, pyro and UCNPs were utilized for RNA quantification
for the first time because of their special optical characters. Pyro produces singlet oxygen with a
laser treatment; the stronger the laser treatment, the more singlet oxygen for quantification. UCNPs
emit light at a shorter wavelength compared with its excitation light. It is the opposite of most

substances that leads to the ultra-low background for quantification.

4.3.1 Small RNA quantification based on pyro

In this strategy, pyro was proved to have the potential to be applied in RNA quantification
because its singlet oxygen producing ability was found to be linear dependent on its concentration.
Although the RNA quantification based on the singlet oxygen was failed due to the strong
background of magnetic beads, the quantification based on the fluorescence of pyro was achieved
within the target concentration ranges of 2 pM to 20 nM. In addition, the influence of the
background causing by magnetic beads could be theoretically removed by replacing the biotin with
desthiobiotin which reversibly binds with magnetic beads with high affinity. Furthermore, SOSG,
reported as highly selective for singlet oxygen, had a response to magnetic beads, whereas the

mechanism is unclear.

4.3.2 Low LOD quantification strategy for small RNA quantification
We developed a NPMB for simple and rapid small RNA detection with low background and
low detection limit by using UCNPs as fluorophores and Au NPs as quenchers. This label-free and

purification-free RNA detection probe is able to quantify small RNA from 10 aM to 1 pM.

Future work can focus on applying NPMBs to multi-target detection by recruiting UCNPs
with different emissions. As an example, two types of NPMB could be used in one analyte, NPMB-

21 and NPMB-195. NPMB-21 is composed of UCNP with green emission and Au NP modified
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by miR-21 recognizing hairpin DNA while NPMB-195 comprises UCNP with red emission and
Au NP modified by miR-195 detection probe. The target miR-21 would hybridize with NPMB-21
following a green fluorescence recovery, and the target miR-195 can hybridize with NPMB-195
leading to a red fluorescent signal. As a result, the intensity of 540 nm (green) presents the
concentration of miR-21 while the intensity of 650 nm (red) presents the concentration of miR-

195. In the same way, a third target RNA can be detected by UCNPs emitting blue light.
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Au ND

Au NP

Au NR

Au NS
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CPM
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DIPEA

DMF

DTB

em

EPR

ex

FDA

IONP

IncRNA

Appendix A: List of Abbreviations

two-dimensional

three-dimensional

alpha-fetoprotein

gold nanodendrite

gold nanoparticle

gold nanorod

gold nanostar

beta-human chorionic Gonadotropin
count per minute

computed tomography

cetrimonium bromide
N,N-diisopropylethylamine
N,N-dimethylformamide
desthiobiotin

emission

Enhanced Permeability and Retention
excitation

Food and Drug Administration
intravenous

iron oxide nanoparticle

long non-coding RNA
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MAGs mercatuacetyltriglycine

MB molecular beacon

mMIiRNA micro RNA

MNP magnetic nanoparticle

MNPC magnetic iron oxide nanoparticle cluster
MRI magnetic resonance imaging
NcRNA non-coding RNA

NHS N-hydroxysuccinimide

NIR near-infrared

NM nanomaterial

NP nanoparticle

NPMB nanoparticle-based MB

nt nucleotide

PET positron emission tomography
pyro pyropheophorbide-a
gRT-PCR Real-Time Quantitative Reverse Transcription polymerase chain reaction
ROI region of interest

rpm revolutions per minute

rRNA ribosomal RNA

scaRNA small cajal RNA

SIRNA short interfering RNA
SncRNA small non-coding RNA

-83-



snoRNA small nucleolar RNA

SNRNA small nuclear RNA

SOSG Singlet Oxygen Sensor Green

SPECT single-photon emission computed tomography

T1 longitudinal relaxation time

T2 transverse relaxation time

TBTU N,N,N’,N’-tetramethyl-O-(benzotriazol-1-yl)uronium tetrafluoroborate
THF tetrahydrofuran

tRNA transfer RNA

WHO World Health Organization

wit% weight percent
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