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Abstract

Developing high throughput cancer biomarker monitoring platform has been
a long demand in cancer research. It can enable early diagnosis and help tracking
recurrence of disease which will eventually increase patient’s survival rate without
deteriorating quality of patient’s life. This will help doctors selectively treat patients
and utilize precision medicine Most cancer biomarker monitoring studies take
following two approaches; invasive and non-invasive method. First requires
introduction of functionalized nanoparticles with an invasive way such as needle
injection. It is designed to perform in vivo experiment where nanoparticles circulate in
the body and target specific cancer cells of interest. Current obstacles in biomedical
imaging for in vivo cancer diagnosis is the synthesis of hydrophilic Quantum Dots
(QDs) with emission wavelength in the near-IR, a high quantum yield, stability in
water, and relatively small sizes. The optimum wavelength for in vivo optical
imaging, taking into account the absorbance from melanin in the epidermis,
hemoglobin in blood, and water in tissue, is in the range of 700-900 nm. In this study,
we successfully synthesized NIR-QDs that meets all these requirements for in vivo
optical imaging. NIR QDs with emission wavelength > 700 nm, 60% QY, and high
stability. High quantum yield was maintained for about 100 hours in water. We also
studied circulation and retention of QDs in vivo. Fluorescent images showed that after
5 minutes of tail vein injection, QDs traveled throughout whole body and even big
veins were easily visible. High fluorescence was maintained up to 100 minutes post
injection (p.i.). NIR-QDs mostly cleared out by urine and feces and only 10%
accumulated in RES system (especially in liver and spleen) after 24 hours p.i.

Non-invasive method is also widely studied because it is more patient



friendly, does not require a large amount of tumor tissue, and enables regular
monitoring. Targeting cancer specific biomarkers from a collection of patients’ bodily
fluids such as urine and blood is actively investigated. For example, about 10 million
men take a serum prostate specific antigen (PSA) test for prostate cancer, the second
leading cause of cancer death in men in the USA. Due to its high controversy,
alternate test methods are developed, including testing genomic biomarkers such as
PCA3 and fusion genes. Identifying genetic diversity is important as it can provide
insights on disease progression and treatment. In our study, we have tested a panel of
prostate cancer genetic biomarkers (AMACR, PCA3, PSMA, TMPRSS2-ERG fusion
genes) with oligonucleotide sandwich assay using gold nanoparticles (AuNPs). We
established high sensitivity and throughput by controlling oligos conjugated to
AuNPs. Using this in vitro test, patient urine samples are tested to find correlation
between expression of panel of genetic biomarkers and clinical outcomes. We found
that patients with same Gleason score and PSA result showed different TMPRSS2-
ERG fusion gene expressions. This indicates that oligonucleotide sandwich assay can
provide a very important insight on disease progression that conventional tests could

not.
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Chapter 1

Introduction

In cancer research, improving survival rate without deteriorating patient’s life
quality is considered as a holy grail. To achieve this, high throughput cancer specific
biomarker monitoring platform is the key. Usually many studies can be divided into
two big approaches; invasive and non-invasive method. This work covers one of the
most promising technique for each approach, in vivo biomedical using QDs (invasive)
and in vitro oligonucleotide sandwich assay using AuNPs (non-invasive).

Chapter 1 introduces biomedical imaging using QDs. It is considered as
invasive method because QDs are introduced via tail vein injection. Semiconductor
QDs have many advantages over conventional dyes; high quantum yield, narrow
emission spectra, broad excitation spectra, high threshold for photobleaching, size
dependent optical properties that are applicable in fields such as solar cells,! light

emitting diodes,? and biomedical imaging. 3>

bulk properties guantum confinement
o O — S
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Figure 1.1. Quantum confinement effect of semiconductor nanoparticles. Band gap
between valence band and conduction band increases as the size of a nanoparticle

decreases below diameter of exciton..

QDs exhibit size dependent properties (Figure 1.1). As the particle diameter
decreases below about 10 nm, band gap enlargement becomes significant and
different emission can be achieved for different particle sizes (Figure 1.2), The most
common synthesis route for QDs involves an organometallic precursor in a
coordinating solvent. Typically precursors are reacted in trioctylphosphine oxide at
elevated temperature, usually about 300 °C. The reaction can be performed very
simply by injecting the precursor mixture into the solvent with the capping ligand at
270 °C. We also show that growth can be quenched by injection of dodecanethiol. It
usually takes one day to synthesize the core and another day to apply coating.
Sometimes, multiple coating layers are applied in order to achieve high quantum yield
and stability. In this study, we have reduced synthesis time of core/shell NIR QDs to
5-6 hours total from two days using one-pot synthesis.

It is very important to optimize synthesis of QDs with small size, narrow size
distribution, high quantum yields, and high stability in water suitable for in vivo study.
QD synthesis is relatively straightforward, involving mixing the precursors in an air-
free environment at elevated temperature. However, subsequent transfer to water and
functionalization have many pitfalls. These pitfalls are rarely discussed in the
literature and very few groups report results from experiments to verify the properties
that are claimed. Thus stability of QDs are demonstrated in this study as well as

their circulation in vivo.
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Figure 1.2. Size dependent emission and absorbance spectra of quantum dots. As size
of QDs decreases, emission and absorbance spectrum shift to left (towards lower

wavelength) and emits different fluorescent colors (blue: smaller, red: bigger).

Chapter 2 introduces a high throughput genomic biomarker monitoring
platform using oligonucleotide sandwich assay for prostate cancer. The prostate is a
male organ located below the bladder and in front of the rectum. It produces a fluid
that makes up semen with sperm cells and fluids from other glands.® Most prostate
cancers are adenocarcinomas that grow slowly.” Prostate cancer is the second most
common cancer worldwide® and is expected to grow to 1.7 million new cases and
499,000 deaths by 2030.° It is the second leading cause of cancer death in men in the
US and a recent study predicts 180,890 new cases and 26,120 deaths in 2016.'° One

reason for the high number of new cases is the lack of accurate screening methods

resulting in over-diagnosis. "2
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Figure 1.3. Common diagnostic methods for prostate cancer: biochemical assay (PSA
test), DRE, and TRUS. The PSA test has a high false positive rate which can lead to
unnecessary biopsies. DRE and TRUS have limited diagnostic capability and hence

there is a high demand to develop more accurate and safe screening methods.

Screening and diagnosis of prostate cancer usually involves a blood test, rectal
exam, and biopsy (Figure 1.3)!2. The two most widely used screening methods are
the serum prostate specific antigen (PSA) test and the digital rectal examination
(DRE).!?"15 PSA levels above 4 ng/mL are considered to indicate a high chance of
prostate cancer and DRE is used for further investigation. A combination of these
methods determines whether or not to perform a biopsy.'%!® After collecting biopsy
samples, usually by transrectal ultrasonography (TRUS), a pathologist provides a
Gleason score based on the morphology of the growth. Low Gleason scores usually
indicate an organ-confined cancer, which is less likely to spread.'>!”-!® Due to the low
specificity of the PSA test, clinicians use multiple methods to confirm the presence of
disease. Together, the series of tests are time consuming and require multiple hospital

visits. In addition, it is very challenging to accurately diagnose a patient with PSA level

close to cut-off level and a tumor volume that is difficult to detect via DRE.



Screening for prostate cancer is problematic since the PSA test has a high rate
of false positives (66-76%) and false negatives (15%), leading to over-diagnosis (15-
66%).!11°2* In addition, the DRE alone is not sufficient to provide accurate result.?%!
Elevated PSA levels may result from many other factors including infection,
inflammation, a DRE test, as well as pancreatic cancer.?32 Therefore, the U.S.
Preventive Services Task Force recommends against PSA screening test due to its

3334 and can often lead to

potential for side effects and poorly defined benefits,
unnecessary prostate biopsies. In order to overcome these limitations of PSA test, PHI
and 4k score are developed. They are the variation of PSA test in which the level of 3
or 4 serum proteins are measured individually and calculated a score using a
mathematical formula.>>° Many studies show improvement over PSA test alone, but
they cannot provide a reliable diagnosis for prostate cancer. They need to be performed

as supplemental test providing information about whether to repeat biopsy or not during

active surveillance after a prior negative biopsy result or PSA test.

Of the 180,000 patients diagnosed every year in the US, about 60,000 have low
grade prostate cancer where the emerging standard of care is active surveillance or
watchful waiting. The motivation for decreasing the number of prostate resections is
due to the side effects of the surgery, which include decreased quality of life due to pain,
fever, bleeding, infection, and transient urinary difficulties.** During watchful waiting,
patients receive treatment only if they develop symptoms. The Prostate, Lung,
Colorectal and Ovary (PLCO) trial in the US reports 2 death per 10,000 patient from 7
annual screenings with PSA and DRE, whereas, 1.7 deaths per 10,000 was recorded
from the control group.'* Since current screening methods may cause more harm than
benefit, the number of patients undergoing watchful waiting is increasing.'® Therefore,

there is a high demand to develop a screening method that can identify patients with



intermediate and high grade prostate cancer, minimize unnecessary biopsies, and

provide useful information during watchful waiting.

Gene type Characteristics Specificity
AMACR Prostate cancer 58-80% in serum, 84% with PCA3
enriched
PCA3 Prostate cancer 76%
specific
PSMA Prostate cancer 41%
enriched;
not prostate specific
TMPRSS2- Prostate cancer 50% of prostate cancer from PSA
ERG fusion specific screened surgical cohorts
genes

Table 1.1. Urinary genomic biomarkers for prostate cancer

To establish a gold standard test for diagnosis of prostate cancer requires
identification of one or more biomarkers.*** Previous studies have shown that a panel
of biomarkers can increase sensitivity and specificity.***6->" Studies show 10% increase
in sensitivity***! (up to 94% sensitivity with a specificity of 98%) when a panel of
genetic biomarkers were used.’! This suggests that the simultaneous detection of
multiple biomarkers can increase the overall reliability (sensitivity and specificity) of
prostate cancer screening. Four genetic biomarkers have been chosen for this study
based their relation with prostate cancer: o-Methylacyl coenzyme A racemase
(AMACR), PCA3, prostate-specific membrane antigen (PSMA), and TMPRSS2-ERG

fusion genes.

AMACR on chromosome 5p13 is upregulated nine-fold in prostate cancer tissue
compared to normal prostate tissue.”> AMACR is an enzyme that regulates peroxisomal

B—oxidation of branch chain fatty acids.’® It is present in urine at both protein and



mRNA levels. Previous studies reported 58 - 80% specificity in serum.>*> Studies have
suggested that expression of this gene in combination with PSA or PCA3, can be used
to increase specificity up to 84%, whereas individually it is predictive of prostate

cancer.52’53>56

PCA3, initially known as DD3, is a noncoding messenger ribonucleic acid
(mRNA) from chromosome 9q21-22. PCA3 is overexpressed up to 100-fold in prostate
cancer tissue, by more than 95% of all prostate cancer patients.’’%" Unlike PSA, PCA3
is independent of prostate size, patients’ age, and previous biopsies. The PCA3 test has
76% specificity, compared to 47% for the PSA test, and it is only expressed in prostate
cancer, not from normal human tissue nor in any other tumor.** Even though one PCA3
test (The Progensa) gained FDA approval in 2012,%! the predictive value of PCA3 alone,

and correlation with clinical outcomes, are still in debate.

PSMA is a transmembrane glycoprotein that is upregulated in prostate cancer
tissue compared to benign prostate tissues. Expression of PSMA mRNA from urine
samples after DRE has been suggested to be more predictive of prostate cancer than

PCA3.52 From the overall group tested in this study, specificity of 41% was observed.®*

Fusion genes have been regarded as both a diagnostic tool that can be used to
monitor patients and therapeutic targets that will be subject to eventual treatment.®
Gene fusion occurs in various diseases including leukemia, sarcoma, and carcinoma

through chromosomal rearrangement.%

The rearrangement of genes causes a genomic
instability in cells, which results in an increased risk for the disease.®> The prostate
cancer overexpresses a specific fusion gene, TMPRSS2-ERG, which has a role in tumor

progression including invasion and metastasis.®> TMPRSS2-ERG fusions are the most

predominant isoform, with multiple studies showing that approximately 50% of



prostate cancers from PSA screened surgical cohorts are TMPRSS2—-ERG fusion-
positive, and greater than 90% of prostate cancers over-expressing ERG harbor
TMPRSS2-ERG fusions.*35

The current methods employed for detecting these genes are polymerase chain
reaction (PCR) and the transcription mediated amplification (TMA) assay.*’:4-67:68
These methods involve RNA extraction, amplification, and normalization.®®’> Due to
the exponential amplification by enzymes, a small amount of genetic contamination or
non-specific binding of primers can result in many-fold differences.”! RNA isolation
steps require centrifugation which can result in loss of low molecular weight
nucleotides and inconsistent results due to release of nucleic acids from destroyed
cells.”® Measurements from urine samples can be especially challenging and result in
low sensitivity,’* although this can be ameliorated using magnetic beads for capture.”-

"7 However, contamination and non-specific binding remain major pitfalls due to

exponential amplification.”!

This oligo-sandwich assay possess many advantages over conventional oligo-
based assays.’® These conventional assays still use PCR after magnetic separation, or
chip-based detection which requires chip preparation (surface modification) and silver
amplification which results in gray spots that can measure light scattering from each
spot. These conventional assays still have similar disadvantages of PCR mentioned

above.

To overcome these difficulties, we have developed an oligo sandwich assay, which
has high sensitivity and specificity, does not rely on enzymes, and allows multiplexing
of a panel of target genes.””*" In this study we adapted this assay for quantitative
determination of the concentration of a panel of biomarkers for prostate cancer. The

assay involves three steps. (1) magnetic microparticles (MPs) modified with an oligo

8



to capture the target gene, and gold nanoparticles (Au NPs) also modified with a
“barcode” oligo to detect the target gene are mixed with the sample. The barcode
oligo sequences have a fixed numbers of base pairs to allow quantification by gel
electrophoresis. (2) Following magnetic separation, the AuNPs are detached from the
MPs and chemically dissolved, allowing isolation of the barcode oligo which has the
amplified concentration corresponding to the target gene. (3) Following
hybridization the barcode oligo is run in a gel for quantification. We have
successfully detected cancer genomic biomarkers for prostate cancer with high
sensitivity and also provided a very important insight on disease progression that

conventional tests could not.



Chapter 2. Invasive method for in vivo biomedical imaging using NIR Quantum

Dots

2.1 Introduction

A current challenge in biomedical imaging is the synthesis of water soluble
QDs with emission wavelength in the near-IR, high quantum yield, stability in water,
and relatively small size. Ideally the synthesis should be relatively straightforward
and not involve toxic elements. The optimum wavelength for in vivo optical imaging,
taking into account the absorbance from melanin in the epidermis, hemoglobin in

blood, and water in tissue, is in the range from 700 — 900 nm®'*? (Figure 2.1).
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Figure 2.1 Optical window for in vivo study between 7000 — 900 nm where

absorptions from melanin, hemoglobin, and water are minimum.

To achieve emission in this optical window, requires a QD with a band gap of
around 1.3 - 1.7 eV.#} Semiconductor QDs that emit in the near-IR, such as CdTe,
89-92

PbS, InAs, InP, have been synthesized®*®® and explored for biomedical imaging

High quantum yield is important to optimize the signal-to-noise ratio for imaging, and
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stability in aqueous solutions is key to avoid aggregation and degradation during
imaging. At the same time, it is thought that a hydrodynamic diameter less than
about 15 nm is necessary to ensure renal clearance and to avoid accumulation in other
organs.”> In addition, due to concerns over toxicity if QDs are not cleared from the
body, it is desirable to avoid elements such as cadmium, lead, and arsenic. Thus
there remains a need for the development of QD systems that satisfy all of these
requirements. Here we report on the one-pot synthesis of CulnxSey/ZnS core/shell
QDs with an emission wavelength A > 700 nm. The 20% quantum yield of the core
increases to as high as 60% after passivation with ZnS. After thiolation and lipid
coating, the CulnxSey/ZnS/DDT/lipid QDs are stable in water for about a week and
maintain high quantum yield. We also show fluorescence imaging in a mouse

model, illustrating uniform intensity that can be resolved without any image

processing.

11



2.2 Materials and methods
2.2.1. Cu/In Precursor Solution

Copper iodide (0.045 mmol, Cul, Alfa Aesar, puratonic, 99.999%) and
indium iodide (0.18 mmol, Inlz, Alfa Aesar, anhydrous, 99.999%) were mixed with
trioctylphosphine (3 ml TOP, Strem, 97%) in a glove box. The solution was stirred at
90 °C for several hours. The precursor solution was stored in the dark and was

stable for up to two weeks.

2.2.2. Core Synthesis

Trioctylphosphine oxide (3.6 g, TOPO, Sigma Aldrich, tech. grade, 90%) and
hexadecylamine (6 g, HDA, Sigma Aldrich, tech. grade, 90%) were added to a 100 ml
3-neck flask and heated to 100 °C in vacuum to form a transparent solution. The
Cu/In precursor solution was injected into the reaction flask and vacuumed for at least
two hours. A more concentrated precursor solution can be used (3 times more
concentrated) in order to decrease the amount of TOP. Reducing the amount of TOP
makes the washing steps somewhat easier. The syringe and the flasks were wrapped
with aluminum foil in order to minimize exposure to light. Next, the temperature
was increased to 270 °C in Ar (Airgas, ultra high purity, grade 5) flow.
Bis(trimethylsilyl) selenide (150 pl, (TMS),Se, Gelest) in TOP (0.5 ml) were mixed
in a glove box and injected into the reaction flask. After 6 seconds, 4 ml hexane was
injected to quench the reaction. The reaction mixture was then left to cool to 130 °C.
While injecting hexane into the hot solution, a needle was placed in the septum to

avoid a rapid increase in pressure in the flask.

2.2.3. ZnS coating
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Bis(trimethylsilyl)sulfide (227 ul, (TMS),S, Sigma Aldrich, synthesis grade)
and diethyl zinc (115 pl, Sigma Aldrich, 52.0 wt.% Zn) were mixed with TOP (1 ml)
in a glove box and injected into the suspension of CulnxSey cores at 130 °C.  Diethyl
zinc is very reactive and should be handled with care. These precursor solutions
were placed in a secondary container when transferring from the glove box to the
hood to minimize exposure to air. Best results were obtained with fresh chemicals,
typically within a month of opening. The amounts of Zn and S were calculated to
achieve 3 monolayers (ML) ZnS on the CulnxSey cores’®.  After injecting the
precursors for the shell, the reaction mixture was cooled to 85 °C and the QDs

annealed for 2 hours. This annealing time was found to give the maximum quantum

yield.

2.2.4. OA/TOPO/HDA comparison
The Cu, In, Se, Zn, and S precursors were the same in all experiments. 0.045
mmol Cul and 0.18 mmol Inlz were mixed in 3 ml of TOP; 150 pl (TMS)2Se; 115 pl

diethyl zinc; 227 pl bis(trimethylsilyl)sulfide in TOP.

A.  Olyamine (OA). Cores: precursors injected into OA (T =260 - 290 °C;
t=15-40 s). Annealing (t =0 - 1 h) was performed at 100 °C. Cores washed with
methanol, acetone, ethanol, hexane, or chloroform. Synthesis of ZnS in TOPO/HDA
(T =100 - 240 °C). Annealing (t = 0 - 10 h) was performed at temperatures from 100
— 240 °C. CIS/ZnS QDs were washed with methanol, acetone, ethanol, hexane, or

chloroform.
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B.  Trioctylphosphine oxide and hexadecylamine (TOPO/HDA). Cores:
precursors injected into TOPO/HDA (T =250 -300 °C, t =2 - 50 s). Annealing (t=0
to 2 h) was performed at 90 °C. Cores were washed with methanol, acetone, ethanol,
methanol/isopropyl, hexane, or chloroform. Synthesis of ZnS in TOPO/HDA (T =
130 - 220 °C). Annealing (t = 0 - 20 h) was performed at temperatures from 85 - 220
°C. CIS/ZnS QDs were washed with methanol, acetone, ethanol,

methanol/isopropyl, hexane, or chloroform.

C. One-pot TOPO/HDA. Core precursor injected into TOPO/HDA at 270
°C. Reaction time from 6 — 50 s.  Synthesis of ZnS in TOPO/HDA (T =70 - 240 °C).
Annealing (t =0 - 20 hours) was performed at temperatures from 85 - 220 °C.
CIS/ZnS QDs were washed with methanol, acetone, ethanol, methanol/isopropyl,

hexane, or chloroform.

2.2.5. Dodecanethiol functionalization

After annealing the CulnxSe,/ZnS QDs for 2 hours, dodecanethiol (1 ml,
DDT, Sigma Aldrich, >98%) was injected into the QD suspension. Final solutions
were poured into two 15 ml centrifugal tubes. Methanol and isopropyl alcohol (8:2
by volume) were added to the tubes until they were full. Using stronger solvents
degraded the surface of QDs and resulted in aggregation. Too many washing steps
(usually more than 3 times) also resulted in aggregation. The QD suspensions were
centrifuged at 8000 rpm for 3 minutes. After centrifugation, the precipitate was re-
dispersed in hexane and the same washing steps repeated at least twice. The final

precipitate was re-dispersed in chloroform.
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2.2.6. Water solubilization

DI-water (2 ml) was added to a 5 ml vial. A stirring rod was inserted into
the vial to ensure good mixing. This vial was placed in a beaker containing glycerol
maintained at a temperature of 110°C using a hot plate. In a separate vial,
polyethylene glycol oleyl ether (0.61 pmol, Brij93®,Sigma Aldrich), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (2.43
umol, DSPE-PEG2k, Avanti Polar Lipids), and 2.3 x 10'* QDs were mixed
thoroughly. The amount of lipids corresponds to a 20-fold excess of with respect to
the amount required for complete coverage of the QDs. This mixture was sonicated
and then added drop-wise to the DI-water at 100 “C under vigorous stirring for 2
minutes. The solution was then centrifuged at 4000 rpm for 3 minutes and the

supernatant filtered through 200 nm syringe filter.

2.2.7. In vivo imaging:

Three mice were prepared for tail vain injection. Special food
(TD97184,Teklad Purified Diet, Harlan) was fed a week prior to the experiment in
order to eliminate auto-fluorescence from the food. 120 ul QD solution containing
60 ul of QDs and 60 pl of saline was injected into the tail vein and imaged using a Li-
cor imaging system in the Small Animal Imaging Facility. The QD concentration
was determined from absorbance measurements using an extinction coefficient of 3.1
x 10% cm? mol!, based on the number of moles of the solid phase. The extinction
coefficient was determined from gravimetric measurements using a density of 3.49 g
cm™ for CulnsSes.  Fluorescence images were taken at different time points.
Procedures were conducted according to protocols approved by Johns Hopkins

Animal Care and Use Committee.
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2.2.8. ICP-MS

ICP-MS vessels were cleaned in soap, detergent and water mixture, for 16
hours. They were rinsed with DI-water and dried completely. Under the fume hood,
vessels were soaked in HCI and HNO3 for at least 16 hours in each acid. There was no
washing required between acids. 27 vessels, then, were prepared for microwave
cleaning. 1.5 mL of nitric acid were poured in each vessel. A spacer and membrane
were placed then put in microwave. Once they were cooled, 100 uL of samples were
mixed with 4.9 mL of HNO3 and HCI acid. ICP-MS run and data collection were

performed by a technician at Johns Hopkins School of Public Health ICP-MS center.

2.2.9. Characterization

Photoluminescence (PL) measurements were obtained using a fluorometer
(Fluorolog-3 fluorometer, Horiba Jobin Yvon). Absorbance spectra were obtained
using a spectrophotometer (Cary 50 UV/vis). Suspensions of QDs in chloroform or
in water were placed in cuvettes with polished sides (Starna Cells, Inc.).
Transmission electron microscope images and EDS data were obtained using a Philips
EM 420 TEM and FEI Tecnai 12 TWIN. High resolution images were obtained
using a Philips CM 300 FEG TEM. Samples for transmission electron microscopy
were prepared by placing a drop of the QD suspension on a gold lacey-carbon grid.
The absolute QY was measured using an Absolute PL Quantum Yield Measurement
System (Hamamatsu, C9920-02). Particle size distributions were measured using a
Malvern Zetasizer. A Pearl Impulse Li-Cor system was used for small animal

imaging. Pearl Impulse software and ImageJ were used for analysis of fluorescence
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images. XRD measurements were performed using a Phillip’s X Pert 3040 with a

Cu Ko source.
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2.3 Results and discussion
2.3.1 One-pot synthesis of CulnxSey QDs

The CulnxSey QDs were synthesized by reaction of Cul, Inlz, and
bis(trimethylsilyl) selenide ((TMS)2Se) in trioctylphosphine oxide (TOPO) and
hexadecylamine (HDA). The Cu:In:Se precursor ratio was 1:4:14.  After injection
of the precursors at 270 °C for 6 s, the reaction was quenched by injection of hexane.
Large CulnSe> nanoparticles have been synthesized from Cu, In, and Se precursors in
oleyamine (OA),”>¢ and CulnxSey QDs have been synthesized from TOPO and
OA.”8  However, we were not able to grow an effective passivation layer on
CulnxSey cores synthesized in these solvents. After investigating various
combinations of the solvents TOPO, TOP, HDA, and OA, we found that the synthesis
of CulnxSey cores in TOPO and HDA with a mole ratio of 1:3 was optimum for one-
pot passivation, high quantum yield, and stability in water (Table 2.1). The one-pot
synthesis produces excellent quantum yield and stability, and also reduces the number
of washing steps, synthesis time, and cost, compared to the two-step synthesis. The

addition of DDT (up to 1 ml) did not enhance quantum yield, but it significantly

improved stability.
Surfactants Core . Core/sh§ll
(number of synthesis synthesis Comments
experiments) with QY > with QY >

P 15% 30%

QY decreased after ZnS passivation
0, 0,

OA (36) 19% 0% (average decrease 3%, max. decrease 13%)
TOP((Z)QI;IDA 52% 60% QY =32 + 14 (maximum 50%)
one pot with
TOPO/HDA N/A 60% QY =32 + 11 (maximum 60%)

(42)

Table 2.1 Summary of 101 synthesis experiments for CIS and CIS/ZnS QDs.
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2.3.2 Optical properties of CulnxSey QD

Figure 2.2a shows the emission spectrum for CulnxSey QD cores in
chloroform. The emission peak is at 745 nm, well into the optical window for
biomedical imaging. The full width at half maximum (FWHM) is about 133 nm.
This synthesis is highly reproducible: the emission peak was 759 + 20 nm and the
FWHM was 133 + 6 nm for 4 syntheses. The quantum yield of the cores was typically
20 —30%. The absorbance spectrum for the CulnxSey cores shows an absorption
onset at about 800 nm, corresponding to the PL peak. Similar absorbance spectra have

reported for Culn,Sey cores synthesized from other solvent combinations.”’

2.3.3 TEM and EDS analysis on CulnxSey core

Figure 2.2b and Figure 2.3 show a representative Energy Dispersive X-ray
(EDS) spectrum for a CulnxSey core along with a high resolution TEM images. The
EDS spectrum confirms the presence of CulnxSey with x = 3.3 and y = 4.4, close to

the composition of the compound CulnsSes.!*

Detailed analysis of the particle size
distribution was difficult due to the poor contrast, however, from analysis of TEM
images we estimate an average size of 4.0 £ 0.1 nm (n =39). The relatively broad

FWHM is ascribed to compositional variation since the reported bands gaps of

CulnSe;, CulnzSes, CulnsSes, are 1.04 eV, 1.26 eV, and 1.34 eV, respectively.

2.3.4 ZnS passivation

For most applications of QDs, the addition of a wide band gap shell is required
to passivate surface states and increase the quantum yield. As we show below, the
CulnySey cores have limited stability and hence the shell also serves to isolate the core

from the environment. The emission peak at about 745 nm (Figure 2.2a) implies a

19



CIS/ZnS

PL Intensity (a.u.)
(‘'n"e) soueqiosqy

300 40 500 600 700 800 900
Wavelength (nm)

Au
2000 f e e ¥ 1

Counts

1000

200

Counts

100

0 5 10 15 20
Energy (keV)

ClIS/znS

Intensity (a.u.)

26 (degrees)

Figure 2.2 (a) Photoluminescence spectra for CulnxSey (745 nm peak and 133 nm
FWHM) and CulnsSey /ZnS QDs (737 nm peak with 175 nm FWHM), and
absorbance spectrum for CulnxSey/ZnS QDs. Inset shows a photograph of
suspensions of CulnySey (left) and CulnxSey/ZnS (right) QDs in chloroform under UV
excitation. The quantum yield increased from 20% to 50% after ZnS passivation. (b)

EDS spectrum QDs and high resolution TEM image for a CulnSe QD. (c) EDS
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spectrum and high resolution TEM image for a CulnxSey/ZnS QD. The gold peaks in
the spectra are from the TEM grid. The average diameter, obtained from analysis of
TEM images, is 4.0 £ 0.13 nm for the CulnxSey cores and 5.0 + 0.17 nm for the
CulnySey/ZnS core/shell QDs. (d) X-ray diffraction patterns for CulnxSey and
CulnxSey/ZnS QDs. The peak positions for stannite form of CulnszSes and their

relative intensities are also shown

band gap of about 1.66 eV. This is significantly larger than the band gap of 1.26 eV
for CulnsSes and implies significant confinement.'”!  We selected ZnS as a
passivation layer since it has a bulk band gap of about 3.68 eV, and is commonly used
to passivate II-VI QDs.

In addition, the selection of ZnS allows us to avoid possible toxicity concerns
by avoiding elements such as cadmium and arsenic. ZnS passivation of CulnxSey QDs
has been achieved after washing and resuspending the CulnxSey cores in ODE/OA
prior to introducing the shell precursors and other reagents.”® Here we demonstrate
successful passivation after injecting (TMS).S and diethyl zinc directly into the
suspension of CulnxSey cores.

After the growth of the shell, the emission peak is slightly blue-shifted to 737
nm indicating a small decrease in the size of the core due to the formation of an alloy
at the core-shell interface (Figure 2.2a).  The FWHM is increased to 175 nm
indicating broader size distribution resulting from the passivation process.'**!%*  The
core/shell synthesis produced an average emission peak of 741 + 12 nm with a
FWHM of 175 £ 9 nm for 4 syntheses. The quantum yield for the CulnxSey/ZnS
QDs typically increased to 40 — 60%, confirming the importance of the passivation of

surface states.
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Figure 2.3 (a) High resolution TEM image of several CulnSe QDs. (b) Same image

with QDs indicated by circles.

Figure 2.4 Low magnification TEM images of CulnSe/ZnS core/shell QDs.

2.3.5 TEM, EDS, and XRD analysis on CulnxSey/ZnS core/shell QDs

Figure 2.2¢ and Figure 2.4 show a representative EDS spectrum for a
CulnSe,/ZnS QDs along with a high resolution TEM images. The EDS spectrum
(Figure 2.2¢) confirms the presence of Zn and S in the CulnxSey/ZnS QDs. The

average diameter of the core/shell QDs was 5.0 = 0.2 nm (n =72). The difference in
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average diameter between the cores and the core/shell QDs implies an average QD
shell thickness of about 0.5 nm, in agreement with the expected value based on the
concentration of precursors. ~ XRD powder diffraction spectra (Figure 2.2d) for the
cores and core/shell QDs are consistent with the stannite crystal structure (space

group 142m) for CulnsSes.'® (Figure 2.5)

@
e ?/@; D Crystal structure CulnsSes

/| -’”“3‘? QD Cu:  2x4d-sites, 9x2a-sites
? ﬁ \Q @ In:  6x4d-sites, 6x2b-sites
J - Se: 8x8i-sites
& 1%
9 8i , D Site occupancy factor

/ 71?\ Cu(2a)| In(2b) | Cu(4d) [ In(4d) | Se(8i)
W 0.274 | 0.866 | 0.265 | 0.734 | 1

- - e i | Unit cell: CuislnsSes

Figure 2.5 Crystal structure of CulnxSey obtained from EDS spectrum and XRD

data. It is the stannite structure with Culn3Ses composition.

2.3.6 Stability of the QDs

The stability of the QDs was characterized by measuring the time dependence
of the quantum yield and PL. The quantum yield of the CulnxSey cores in
chloroform decreased rapidly after 1 — 2 days, indicating poor stability. Similar
results were obtained for cores synthesized using the method reported by Allen et al.”’
The loss of stability was largely due to aggregation, as inferred from the fact that the

emission peak remained constant at about 760 nm and the FWHM at about 130 nm.
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The addition of the ZnS passivation layer resulted in an improvement in
stability. The quantum yield in chloroform remained in the range 40 — 60% for 1 —2
days but decreased to 10% after 4 — 5 days. The PL peak remained constant at about
730 nm and the FWHM remained at about 170 nm. Significant improvements in
stability were obtained by replacing the TOPO/HDA coordinating ligands by
dodecanethiol (DDT). The quantum yield for DDT-modified CulnxSe,/ZnS/DDT
QDs in chloroform remained high for 10 - 14 days, and decreased to 10% after 21

days (Figure 2.6a).
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Figure 2.6 (2) Quantum yield versus time for CulnxSey, CulnySey/ZnS, and
CulnSey/ZnS/DDT QDs in chloroform. (b) Quantum yield versus time for
CulnSe,/ZnS/DDT/lipid QDs in water. (c) Size distribution of
CulnxSey/ZnS/DDT/lipid QDs in water measured by DLS. The average diameter is 15

nm. The inset shows a schematic illustration of the functionalized QDs.
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2.3.7 Water solubilization of QDs

Lipid coating was used to transfer the CulnySe,/ZnS QDs to water.'%
Various combinations of single acyl chain lipid and double acyl chain lipids with PEG
groups were tested. A lipid composition of 80% PEGylated lipid with 20% single
acyl chain lipid gave the best results. These lipid coated QDs showed a quantum
yield of about 50% QY in water and were stable for at least several days at room
temperature (Figure 2.5b).  After lipid coating, the average hydrodynamic
diameter, measured by DLS, was 15 nm (Figure 2.6¢ and Figure 2.7). As described
above, the core/shell QDs are about 5 nm in diameter. Taking the DDT inner leaflet
as 1 nm, the lipid outer leaflet as 2 nm, and the PEG radius of gyration as 2 nm, we
expect the overall size to be about 15 nm, in excellent agreement with the measured

particle size.
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Figure 2.7 Size distribution for lipid coated CulnxSey/ZnS QDs. From analysis of

TEM images, the QDs are 5 nm in diameter. Taking the DDT inner leaflet as 1 nm, the
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lipid outer leaflet as 2 nm, and the PEG radius of gyration as 2 nm, we expect the lipid-
coated QDs to have a diameter of 15 nm, in excellent agreement with the average
obtained from the number density. The relatively small differences between the

volume, number, and intensity distributions indicate very small amount of aggregation.

2.3.8 Performance of the CulnxSey/ZnS QDs for biomedical imaging

To explore the performance of the Culn,Se,/ZnS QDs for biomedical imaging,
we performed fluorescence imaging in mice after tail vein injection. 230 pmol of
lipid coated QDs in 120 ul of saline were introduced by tail-vain injection.
Fluorescence images were taken as a function of time post-injection (p.i.). Figure

2.7 shows
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Figure 2.8 Fluorescence images obtained from the ventral side of a mouse after tail
vein injection of 230 pmol QDs. (a) Before tail vein injection, (b) 5 minutes post-
injection, (c) 90 minutes post-injection, and (d) 48 hours post-injection. (e)
Normalized average intensity per pixel (obtained from the fluorescence images)

versus time after injection.

fluorescence images recorded before injection, and at 5 minutes, 90 minutes, and 48 h
p.i. Immediately after injection (Figure 2.8b) the fluorescence intensity increased
relatively uniformly over the whole body of the mouse. Indeed, some of the larger

blood vessels were easily detectable. The fluorescence intensity started to decay at 90
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minutes p.i. (Figure 2.8¢), and after 48 h had returned to the same level as before
injection (Figure 2.8d). Very similar results were obtained for the other mice. There
are no bright spots indicating aggregation or measurable accumulation in organs such
as the liver or spleen, suggesting good clearance from the body although this remains
to be confirmed by quantitative analysis. Fluorescence images of the resected
organs (Figure 2.9) show a similar dependence on time as the dorsal and ventral
images; the fluorescence increases to a maximum at about 30 minutes p.i., but then

decreases to values close to background after 24 h.
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Figure 2.9 Average fluorescence intensity per pixel for different organs versus time
after injection of for lipid coated CulniSey/ZnS QDs. Organs were resected and
imaged using the Li-cor imaging system. Each point is the average obtained from 5 -

6 mice, except for 48 h (3 mice).

2.3.9 Biodistribution of CulnxSey/ZnS QDs
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Biodistribution and circulation of QDs were also studied. After each time
point, mice were sacrificed and seven organs were collected. Also, their urine and
feces were collected using mice urine/feces collector. Amount of In were measured by
ICP-MS then compared to initial In amount. After 24 hours of injection, most of QDs
were cleared out by feces and little portion were left in spleen and liver (Figure 2.10).
QDs were circulated throughout the whole body at first, then started to clear out and

only small portion were left in spleen and liver after 48 hours (Figure 2.11).

Biodistribution at 24 hour p.i.
Amount of In (%)

Feces
75.0

Lung
1.06

Stomach

Urine 0

0.168
Figure 2.10 Biodistribution of lipid coated CulnxSey/ZnS QDs after 24 hour post
injection. The amount of In was measured by ICP-MS. The amount in urine, feces,
and seven different organs were investigated. About 75% of initial amount seemed to

be excreted via feces at 24 hour p.i. and small portion were left in spleen and liver.
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Figure 2.11 Circulation of lipid coated CulnxSey,/ZnS QDs at different time points
(post injection). Amount of an element In was measured by ICP-MS. The amount in
seven different organs (including RES system) at each time point was investigated.
Most QDs circulate throughout the whole body at first and only 20% of initial amount

seemed to accumulate in organs, then, they are cleared out and small portion are left

in spleen and liver after 2 days.

2.3.10 Circulation of CulnxSey/ZnS QDs

The kinetics of circulation were analyzed quantitatively by determining the
average intensity per pixel over the whole image (Figure 2.8e). The average
intensity remains constant for about 2 hours p.i. and then decreases to the background

level before injection after 48 hours. By fitting the data to the function:

I(t) - Ibackground _ 1

Imax - Ibackground 1+ CXPLt - t1 / ZJ
T
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we obtain an average retention time ti2 of 268 £ 16 mins and a clearance time t of
74.5 £ 11.9 mins.

These QDs are externally similar to the high density lipoprotein (HDL)
particles in the body that carry cholesterol to the liver for clearance. HDL particles
are lipid coated particles with diameter in the range from 10 — 15 nm and circulate
freely in the body. As a result of these unique properties, modified natural HDL
particles and biomimetic HDL particles have been explored as contrast agents for
MRIL.!%  Thus we hypothesize that the good circulation characteristics are due to the

size and lipid coating.
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24 Conclusions

In summary, we have demonstrated a novel one-pot synthesis of CulnxSey/ZnS QDs
with emission in the near IR, high quantum yield, and good stability. The synthesis
is relatively straightforward and reproducible, and avoids the use of elements such as
Cd and As. We also have demonstrated that lipid coated CulnxSey/ZnS QDs are

good candidates for in vivo imaging.
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Chapter 3. Non-invasive in vitro cancer genomic biomarker monitoring platform

3.1 Introduction

Prostate cancer is the second leading cause of cancer death in men in the
USA.7107.108  Measurement of serum prostate-specific antigen (PSA), the
representative biomarker for prostate cancer, is a commonly used method for
diagnosing and screening prostate cancer.!%®!1% Every year about 10 million men
in the US will have a PSA test. About 1 million of these individuals will have a

positive PSA test and will undergo a biopsy.!'!:1%-24

Of the 1 million biopsies,
about 180,000 (less than 20%) will be diagnosed with prostate cancer. The
60,000 individuals diagnosed with low grade cancer will usually undergo active
surveillance, while the 120,000 individuals with intermediate, high grade, or
metastatic disease will require treatment.*!!! Performing 10 million PSA tests
and 1 million biopsies to identify 120,000 individuals requiring treatment is
expensive and inefficient. In addition, PSA concentration reaches almost to
zero level in urine of patient after hormone therapy and PSA-based screening
method alone is insufficient to provide information on genetic diversity.
Therefore, there is a major need to develop diagnostic tools to identify
individuals with intermediate, high grade, and metastatic disease, and the
discovery of additional biomarker that supplements PSA to gain information on

genetic diversity is also required.!!>!!3

The widely-used PSA test has a high rate of false positives (66-76%) and
false negatives (15%), leading to over-diagnosis and a large number of

unnecessary biopsies.!!"!®?* Variations of the PSA test, including the Prostate

34



Health Index (PHI)?33%383% and 4k score?’, represent improvements, but have not

enabled reliable diagnosis of prostate cancer.

More recently, expression of genomic biomarkers, such as PCA3 and fusion

114

genes, have been found to be correlated to some forms of prostate cancer.*0-4>115:116

However, very few markers are prostate cancer specific and hence a panel of

44,51 Based on

biomarkers will be needed to improve sensitivity and specificity.
recent results in the literature'!”!''” we have identified a panel of three genes (AMACR,

PCA3, and PSMA) with the potential to provide high sensitivity and specificity for

diagnosis of prostate cancer.

Also, fusion genes have been regarded as both a diagnostic tool that can be
used to monitor patients and therapeutic targets that will be subject to eventual
treatment.%®> Gene fusion occurs in various diseases including leukemia, sarcoma, and
carcinoma through chromosomal rearrangement.®* The rearrangement of genes causes
a genomic instability in cells, which results in an increased risk for the disease.’® The
prostate cancer overexpresses a specific fusion gene, TMPRSS2-ERG, which has a role
in tumor progression including invasion and metastasis.®> TMPRSS2-ERG fusions are
the most predominant isoform, with multiple studies showing that approximately 50%
of prostate cancers from PSA screened surgical cohorts are TMPRSS2—-ERG fusion-
positive, and greater than 90% of prostate cancers over-expressing ERG harbor
TMPRSS2-ERG fusions.**® Since the fusion gene type depends on the phase of
prostate cancer progression,’® we focused on three different target fusion genes, which
fuse different regions of exon 1 or 2 of TMPRSS?2 to exon 2 or 4 of ERG, to achieve
diagnosis of a specific phase of prostate cancer. Moreover, determination of fusion gene

types in early stage cancers is important for patient therapy and prognosis.'?° Thus, we
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detected fusion genes in urine samples of patient group with early stage cancer (Gleason
score 6 or 7). We adopted a bio-barcode assay to increase the specificity of targeting
fusion genes as well as decreasing the non-specific signal from urinary components.
Importantly, we demonstrated a successful differential detection of multiple types of
fusion genes from urine of patients whose PSA levels are similar. These findings
suggest that differential determination of fusion genes from clinical samples can offer

new insight into disease progression and clinical outcome.

Current methods for the detection of fusion genes are reverse transcription-
polymerase chain reaction (RT-PCR), fluorescent in situ hybridization (FISH) and
prior-cDNA microarray.®® These methods, however, are not cost-effective and
inapplicable for multiplexed detection of genes. For these reasons, interest in a new
method with high sensitivity and multiplex capability has been increased recently. 21122
A nanomaterial-based bioassay'?’, a bio-barcode assay, was established that detects
proteins and nucleotides with ultrahigh sensitivity.'?*1?¢ Sandwich assay used in this
technique allows an exclusive sorting of fusion genes since different sequences on each
side are required to contribute to final outcome.'?®1?° The sandwich assay using

nanoparticles and gel electrophoresis can be easily used in any laboratory environment

since it does not require large scale expensive equipment.

In this study we optimized an oligo-sandwich assay to determine the expression
levels of different target genes (three different types of fusion genes, AMACR, PCA3,
and PSMA). The assay uses magnetic beads (MBs) conjugated with a complementary
oligo for capture, and gold nanoparticles (AuNPs) for detection, enabling easy RNA
separation and multiplexing (Figure 3.1). Also, we suggest high throughput

electrophoresis-based bio-barcode assay that can function as a model method to
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determine three different types of fusion genes, AMACR, PCA3, and PSMA in urine of

men with prostate cancer.
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3.2 Materials and methods
3.2.1 AuNPs and barcode oligos conjugation

Thiol terminated barcode oligonucleotides were specifically designed and
synthesized for its purpose (IDT). They were reduced by 100 mM 1,4-dithiothreitol
(DTT, H7033, Sigma-Aldrich). By filtration using illustra™ NAP™-5 columns
(GE17-0853-01, Sigma-Aldrich), barcode oligonucleotides were purified and mixed
with 50 nm gold nanoparticle (AuNP, EM.GC50, BBI solutions). 10 % sodium
dodecylsulfate solution (V6551, Progmega) and pH 7 phosphate buffer were added
prior to eight aliquots of 2 M sodium chloride solution (S7653, Sigma-Aldrich). After
completion of salt aging (final concentration of 0.3 M), the final solution was
centrifuged at 12,000 rpm for 15 minutes. Pellets were re-dispersed in DI-water. A
number of barcode oligonucleotides was controlled by varying the final salt
concentration (0.1 and 0.5 M). Also different length of barcode oligonucleotides were

used to distinguish different targets in gel electrophoresis.
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Figure 3.1 Schematic view of oligonucleotide sandwich assay using magnetic beads

and gold nanoparticles.

3.2.2 Magnetic beads (MBs) and capture oligos conjugation

2.8-um carboxylic acid-functionalized MB (Dynabeads® M-270 Carboxylic
Acid, 14305D, Invitrogen, Carlsbad, California, USA) were vortexed briefly and
magnetically separated in a magnetic separation rack (MSR1000, OZ Biosciences,
San Diego, California, USA) for 2 minutes to remove the supernatant. The MB were
then washed twice with 25 mM 2-(N-morpholino)ethanesulfonic acid (MES) (M8250,
Sigma-Aldrich, St. Louis, Missouri, USA) buffer with pH 5. Amine-terminated DNA
(capture DNA) (Integrated DNA Technologies, Coralville, [owa, USA), which
enabled the capturing of a target sequence as the binding to a half of the
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complementary target sequence, were prepared in a MES buffer, mixed with MB and

shaked at room temperature for 30 minutes.

The capture DNA and the MB were cross-linked with each other by adding 100
mg/ml  N-(3-Dimethylaminopropyl)-N’-ethylcarbo-diimide hydrochloride (EDC)
(03450, Sigma-Aldrich) at room temperature. After 3 hours of shaking and magnetic
separation, the supernatant was removed, and the absorbance of the supernatant was
then measured using UV-Vis spectrophotometer (S-3100, SCINCO, Seoul, South
Korea) at 260-nm wavelength to calculate the amount of the capture DNA conjugated
to MB. The MB were washed with 50 mM Tris-HCI buffer adjusted to pH 7.4 (15568-
025, Invitrogen, Carlsbad, California, USA) by 10 minutes of shaking, and this washing
step was repeated 2 times. Finally, DNA-functionalized MB were resuspended in
phosphate-buffered saline (PBS) with pH 7.4 (10010-023, Invitrogen, Carlsbad,

California, USA) at a final concentration of 30 mg/ml.

3.2.3 Quantification of the barcode oligos conjugated to AuNP

To quantify oligonucleotides fluorescently, barcode DNA modified with
Alexa Fluor-488 fluorophore (Integrated DNA Technologies) were used. The
procedure of preparation of fluorophore-labeled barcode DNA-modified AuNP is
same as the procedure described above, except for the protection from the light to
prevent photobleaching of the fluorophore. The fluorophore-labeled barcode DNA-
functionalized AuNP were centrifuged at 8,500 rpm for 15 minutes and resuspended
in 1 ml of deionized water to remove unbound DNA (repeated twice). After additional
centrifugation, the pellet of fluorescence-labeled AuNP probes was treated with 50 pl
of 25 mM potassium cyanide (KCN) (60178, Sigma-Aldrich), and the mixture was
then incubated at room temperature until the entire dissolution of AuNP. Fluorescence
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intensity of Alexa Fluor-488 fluorophore-modified barcode DNA was measured using
Infinite® F200 Pro (Tecan, Ziirich, Switzerland) to obtain the standard curve. The
samples were serially diluted in 10-fold increments ranging from 10 uM to 1 nM.
Finally, fluorescence intensity of the fluorescence-labeled DNA released from AuNP
was measured to determine the number of barcode DNA cross-linked to AuNP by

comparison to the standard curve.

3.2.4 Quantification of the capture oligos on MB

Prior to washing step with TRIS-HCI buffer solution, first supernatant were
stored and absorbance at 260 nm wavelength were measured using UV-Vis
spectrophotometer (3100, SCINCO). Amount of unbound capturing oligonucleotides

were calculated from the absorbance measurement.

3.2.5 Sandwich assay in buffer and urine

(1) Complex formation and isolation. Prepared MBs and AuNPs (10 pL
each) were mixed with different concentrations of one of the target genes (0 M,
1 M, 10 M, 100 M, 1 pM, 10 pM, 100 pM, and 1 nM) in buffer or human urine
(xx, Lee Biosolution). First, the solution with concentration of 1 nM was made
and serial dilution was performed to make 7 different concentrations. In order to
minimize propagating any errors when using serial dilution, ten times larger
volume (~ 1 ml) was used to make dilution. In addition, a number of target genes
in each dilution can be measured via UV absorbance spectroscopy if needed. The
mixture of MPs, AuNPs, and target genes was vortexed and incubated at 95 °C
for 5 minutes. The ratio of AuNPs to MPs was around 225, which is optimized
to assure enough space between AuNPs for minimizing steric hindrance. The
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solution was then cooled to room temperature and mixed vigorously for at least
1 hour to form sandwich conjugates. The MB-AuNP conjugates were isolated

from unbound AuNPs by magnetic separation.

(2) Dehybridization and removal of MBs. The AuNPs were then detached
from the MP-AuNP conjugates by heating to 95 °C for 5 minutes and using
magnetic separation. At this temperature, supernatant was then collected into

small PCR tubes.

(3) Dissolution of AuNPs and hybridization. The solution containing the
AuNPs and conjugated barcode oligos was incubated in 2 pL of 100mM
potassium cyanide and 1 pL of 1 uM complementary oligonucleotides (Hyb
oligo). The solution was heated to 95 °C for 5 minutes to completely dissolve the
AuNPs. After incubation, the solution was cooled to room temperature to

hybridize the barcode oliogs and hybridization oligos.

(4) Gel electrophoresis and imaging. A 15% acrylamide gel was prepared
with a mixture of water, TBE, APS, and TEMED. The final products from the
oligo-sandwich assay were mixed with 10x loading buffer and electrophoresis
was performed at 120 V for 70 minutes. The gel was stained with SYBR® Green
I Nucleic Acid Stain (50513, Lonza, Basel, Switzerland) enabling visualization
of double-stranded DNA. Image was captured using gel documentation system

(Scinomics, Daejeon, South Korea).

3.2.6 Collection of urine specimens from prostate cancer patients
Noninstrumented voided urine samples were obtained from 14 patients with
informed consent before and after a digital rectal examination (DRE) at the ASAN
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Medical Center (AMC). Urine collection cups containing RNA preservative
(RNAlater, 76104, QIAGEN, Hilden, Germany) and antibiotics (15240-062,
Invitrogen, Carlsbad, California, USA) were used to obtain urine from each subject

after DRE was performed by the practicing urologist.

3.2.7 Sandwich assay with clinical samples

In the tests for clinical urine samples, an RNase-free environment was
maintained during RNA isolation and reaction procedure. Target nucleotide
enrichment was performed using 15 pl of MB probes on each urine specimen with
incubation at room temperature for 1 hour. After the incubation, MB-target complexes
were washed twice with hybrid buffer and resuspended in 100 pl of hybrid buffer. The
target-capturing MB probes were used for the assay as in the same method described
above.

Figure 3.2 illustrates key detection steps for multiple fusion genes in
prostate cancer using patient urine. The magnetic probes form sandwich
complexes with AuNP probes through complementary hybridization with target
fusion genes. Before gel electrophoresis, the barcode DNA was released from
AuNP by dissolving the AuNP core using KCN. In the final step, we added
complementary sequences to the barcode DNA to make dsDNA, since the dye
molecule, SYBR Green I, for staining DNA could be intercalated into dsDNA.
This dsDNA was separated during electrophoresis by their different molecular
weights (barcode I, 9193.1 g/mole; barcode II, 12667.5 g/mole; barcode 111,
18444 g/mole), that is the main force for the capability for multiplexed

detection in a single gel.
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3.3 Results and Discussion

3.3.1 Design of oligonucleotides

Barcode and capture oligos are designed to form complementary pairs with
each target gene (GenBank#: AMACR: AF047020.1, PCA3: AF103907, PSMA:
NM 001193472.1). Both oligos contain ten A-spacers at one end to enable conjugation
on the surface of the nanoparticles and hence exposing the hybridizing portion of the
sequences towards the outside. Capture oligos contain an amine group at the end of
sequences to enable amide conjugation to the carboxyl group on the magnetic beads.
The barcode oligos contain a dithiol group which enables binding to the surface of the
AuNPs after reduction. The barcode oligos used for quantification are composed of the
same sequences with the addition of a fluorescent dye (I6-FAMK: Abs 496 nm, Em 516
nm), inserted at the end of the sequences. Three different lengths of barcode oligos were
prepared (30 base pairs for AMACR, 40 for PCA3, and 50 for PSMA) to distinguish
the three different target genes in gel electrophoresis (Figure 3.1). Hybridization oligos
were designed to complement the barcode oligos. The full sequences of all
oligonucleotides are provided in supplementary information (Table 3.1).
Chromosomal rearrangement occurs at various point of exons that results in
different lengths and compositions of TMPRSS2-ERG fusion genes. Such fusion
genes exacerbate the genetic diversity leading to the prostate cancer. For this
reason, we selected three types of fusion genes [Target I, TMPRSS2 Exon 1 and
2 (Tm1/2) + ERG Exon4 (E4); Target II, Tm1 + E4; Target III, Tm1 + E2] that
express high frequency in prostate cancer.®® Target I, found in 86 % of cases, has
been reported as the most common isoform in prostate cancer. Although target I

(26%) and IIT (20%) are expressed less than target II, they represent severe
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clinical outcomes because of seminal vesicle invasions in patients.®¢

AMACR target

CAGGGCATCTCGGTCATGGAGCTGTCCGGCCTGGCCCCGGGCCCGTTCTGTGCTATGGTCCTGGCT
GACTTCGGGGCGCGTGTGGTACGCGTGGACCGGCCCGGCTCCCGCTACGACGTGAGCCGCTTGGG
CCGGGGCAAGCGCTCGCTAGTGCTGGACCTGAAGCAGCCGCGGGGAGCCGCCGTGCTGCGGCGT
CTGTGCAAGCGGTCGGATGTGCTGCTGGAGCCCTTCCGCCGCGGTGTCATGGAGAAACTCCAGCTG
GGCCCAGAGATTCTGCAGCGGGAAAATCCAAGGCTTATTTATGCCAGGCTGAGTGGATTTGGCCAGT
CAGGAAGCTTCTGCCGGTTAGCTGGCCACGATATCAACTATTTGGCTTTGTCAG

PCA3 target

ACAGAAGAAATAGCAAGTGCCGAGAAGCTGGCATCAGAAAAACAGAGGGGAGATTTGTGTGGCTG

CAGCCGAGGGAGACCAGGAAGATCTGCATGGTGGGAAGGACCTGATGATACAGAGGAATTACAAC
ACATATACTTAGTGTTTCAATGAACACCAAGATAAATAAGTGAAGAGCTAGTCCGCTGTGAGTCTCCT
CAGTGACACAGGGCTGGATCACCATCGACGGCACTTTCTGAGTACTCAGTGCAGCAAAGAAAGACT
ACAGACATCTCAATGGCAGGGGTGAGAAATAAGAAAGGCTGCTGACTTTACCATCTGAGGCCACAC
ATCTGCTGAAATGGAGATAA

PSMA target

CAGTGCACTCTAGAAACACTGCTGTGGTGGAGAAACTGGACCCCAGGTCTGGAGCGAATTCCAGCC
TGCAGGGCTGATAAGCGAGGCATTAGTGAGATTGAGAGAGACTTTACCCCGCCGTGGTGGTTGGAG
GGCGCGCAGTAGAGCAGCAGCACAGGCGCGGGTCCCGGGAGGCCGGCTCTGCTCGCGCCGAGAT
GTGGAATCTCCTTCACGAAACCGACTCGGCTGTGGCCACCGCGCGCCGCCCGCGLTGGLTGTGLGL
TGGGGCGCTGGTGCTGGCGGGTGGCTTCTTTCTCCTCGGCTTCCTCTTCGGTTAAAAGCCAACTGCA
AGGTCTAATGACTGCA

AMACR target
short version

CCTGGCCCCG GGCCCGTTCT GTGCTATGGT CCTGGCTGAC

PCA3 target
short version

AAGCTGGCAT CAGAAAAACA GAGGGGAGAT TTGTGTGGCTG CAGCCGAGGG

PSMA target
short version

TGCACTCTAG AAACACTGCT GTGGTGGAGA AACTGGACCC CAGGTCTGGA GCGAATTCCA

AMACR capture oligo

AGAACGGGCC CGGGGCCAGG AAAAAAAAAA/NHZ/

PCA3 capture oligo

TGTTTTTCTG ATGCCAGCTT AAAAAAAAAA/NH2/

PSMA capture oligo

AGCAGTGTTT CTAGAGTGCA AAAAAAAAAA/NH2/

AMACR barcode oligo

/S-S/AAAAAAAAAA GTCAGCCAGG ACCATAGCAC

PCA3 barcode oligo

/S-S/AAAAAAAAAA CCCTCGGCTG CAGCCACACAA ATCTCCCCTC

PSMA barcode oligo

/S-S/AAAAAAAAAA TGGAATTCGC TCCAGACCTG GGGTCCAGTT TCTCCACCAC

AMACR barcode
fluorophore oligo

/5ThioMC6-D//i6-FAMK/AAAAAAAAAA GTCAGCCAGG ACCATAGCAC

PCA3 barcode
fluorophore oligo

/5ThioMC6-D//i6-FAMK/AAAAAAAAAA CCCTCGGCTG CAGCCACACAA ATCTCCCCTC

PSMA barcode
fluorophore oligo

/5ThioMC6-D//i6-FAMK/AAAAAAAAAA TGGAATTCGC TCCAGACCTG GGGTCCAGTT
TCTCCACCAC

AMACR hyb oligo

TTTTTTTTTT

PCA3 hyb oligo

TTTTTTTTTT

PSMA hyb oligo

TTTTTTTTTT

PCA3 target
10 bp overlapping

GGTGGGAAGG ACCTGATGAT AC

PCAS3 capture oligo
10 bp overlapping

CCTTCCCACC AAAAAAAAAA/NH2/

PCAS3 barcode oligo
10 bp overlapping

/S-SIAAAAAAAAAA TTCATTGAAA CACTAAGTAT ATGTGTTGTAATTCCTCTGT ATCATCAGGT

PCAS3 hyb oligo
10 bp overlapping

TTTTTTTTTT

Table 3.1. The sequence information of three targets (AMACR, PCA3, PSMA); red
letters indicate the complementary region between target and capture oligos, blue
letters indicate the complementary region between target and barcode oligos.
Yellow letters indicate portion of hyb oligos that forms complementary pair with

barcode oligos.
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Name

Sequence (5" ----mm-mmmmmemm- 3"

Target 1

GATGGCTTTGAACTCA/GAAGCCTTAT

Target 11

GAGCGCGCAG/GAAGCCTTAT

Target 11
I

GCCTGGAGCGCGGCAG/GTTATTCCAG

MB 1

TGAGTTCAAAGCCATCAAAAAAAAAA/NH,/

MB 11

CTGCGCGCTCAAAAAAAAAA/NH/

MB III

CTGCCGCGCTCCAGGCAAAAAAAAAA/NHY/

Probe 1

/S-S/AAAAAAAAAACTCACAACTGATAAGGCTTC

Probe 11

/S-S/AAAAAAAAAAGGGCTGATCCCTGACAACTGATAAGGC
TTC

Probe 11
|

/S-S/AAAAAAAAAAGCTTTTGGTCAACACGGC

TTTCCTCGGGTCTCCAAAGATCCTGGAATAAC

Hyb I

GAAGCCTTATCAGTTGTGAGTTTTTTTTTT

Hyb II

GAAGCCTTATCAGTTGTCAGGGATCAGCCCTTTTTTTTTT

Hyb 1II

GTTATTCCAGGATCTTTGGAGACCCGAGGA

AAGCCGTGTTGACCAAAAGCTTTTTTTTTT

Table 3.2. The sequence information of oligonucleotides. Red letters of targ

et DNA indicate the region of TMPRSS2 and black ones are the region of

ERG. The blue region of MB DNA binds to red region ofthe target DNA.

The green part of probe DNA binds to the other half region of target DN

A.
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To detect three target fusion genes, we designed barcode sequences based
on the sequences of TMPRSS2 (NM_005656) and ERG (NM_0044490) (Table
3.2). As contain the part of TMPRSS2-ERG fusion region as well as different
sequence lengths, which enable the assay to detect multiple targets
simultaneously through separation of barcode DNA on gel electrophoresis (Table
3.2). Since gold-thiol chemistry was used to conjugate the barcode DNA with
AuNP,'3%-132 \ve added the thiol group at the 5’ end of barcode DNA. Additionally,
we inserted a 10-base adenine sequence (poly Aio) next to the thiol group to
reduce the steric hindrance, because poly Aio can provide the space via the

interaction between adenine and Au.!33134

3.3.2 Conjugating capture oligos to MBs

The capacity for capture of target oligos was adjusted by incubating the MBs
with different amounts of capture oligos (typically 3 M — 45 M per MB). The
capture oligos were coupled to the MBs using standard EDC chemistry. After 4
hours of conjugation, the unbound capture oligos remaining in the supernatant
were isolated by magnetic separation. The amount of conjugated capture oligos
was then calculated from the total concentration and the amount of unconjugated
oligos measured from absorbance. The number of the capture oligos per MB
increased monotonically for all three genes from 800,000 (1 nmol of oligos) to
12 million (15 nmol of oligos) (Figure 3.3A & Table 3.3). In all cases, the
amount of conjugated oligos was around 25% of the initial concentration. These

results show that the conjugation efficiency was constant and that the initial
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concentration is the dominant factor in controlling the number of conjugated

oligos per MB.
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The amount of capture oligos on the MBs increased monotonically with the
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initial concentration. (B) Different amount of barcode oligos on AuNP were

prepared by controlling final salt concentration during salt again process.

2.8-um carboxylated-magnetic MB was used to capture target genes specifically
in urine solution, which led decrease in the non-specific interaction with urinary
components. In addition, the total experimental time was reduced by eliminating
the RNA purification step that usually takes around 90 min. Magnetic probe
isolates the target bound-AuNP in assay solution. Three kinds of amine-
functionalized oligonucleotides (capture sequences) that are complementary to
different regions of TMPRSS?2 gene, were conjugated with MB via EDC coupling
chemistry (Table 3.2). We quantified the amount of oligonucleotides on a MB by
measuring absorbance at 260 nm and found that magnetic probes have an average

number of 120,000 of amine-oligonucleotides per particle (data not shown).

Capture oligo . Barcode oligo .
i # Capture oligos . # Barcode oligos
density density
Low 710,000 Low 4,650
Med 5,000,000 Med 6,850
High 12,100,000 High 8,500

Table 3.3. The average amount of capture oligos per MB and that of barcode-i6-
FAMK per AuNP. The average value was calculated from five individual

experiments.
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3.3.3 Conjugating barcode oligos to AuNPs.

Barcode oligos were conjugated to the 50 nm AuNPs using a thiol group. The
number of barcode oligos conjugated to the AuNPs is dependent on the number
of oligos incubated with the AuNPs and the concentration of the salt solution.
Incubation in salt solution results in salt-aging, a process that helps conjugation
of oligos on AuNP while maintaining stability of AuNP.!33-135  Here we fixed
the amount of thiolated barcode oligos incubated with the AuNPs and assessed
the influence of the salt concentration during aging. Varying input amount of
oligos with fixed salt concentration is very challenging and usually results in low

reproducibility due to lack of control.

The number of barcode per AuNP was determined by incubating the AuNPs with
fluorescently-labelled barcode oligos. Following centrifugation to separate the
AuNP-barcode complexes from the unbound barcode oligos, fluorescence was
used to determine the number of conjugated oligos (Figure 3.4). The number of
barcode oligos increased from about 4,800 (48% of the initial concentration) in
a 0.1 M salt concentration to about 8,300 in 0.5 M (83% of the initial

concentration) (Figure 3.3B and Table 3.3).

Successful conjugation was confirmed by DLS measurements of the
hydrodynamic diameter of the AuNPs which increased monotonically with the
number of base pairs of the barcode oligos (30, 40, and 50 base pairs) (Figure
3.5). These results show that the final salt controls the efficiency of conjugation
and enables conjugation of a desired number of barcode oligos to the AuNPs.
Note that in the assay, following formation of the sandwich complex, the barcode

oligos were released by dissolving AuNPs in KCN.
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To increase the loading capacity of the AuNP, we used the salting-aging
method to achieve the maximum loading of the barcode DNA through the
reduction of the repulsion forces between the DNA strands.'** To quantify the
amount of barcode DNA per AuNP, we added the Alexa Fluor 488 dye onto the
end of 3’ for fluorescence assay. After conjugation, we dissolved the AuNP using
KCN solution and then measured the fluorescence signal of barcode DNA. We
found that about 1200 barcode DNA could be immobilized on 50-nm AuNP
(Figure 3.6 and Table 3.4). Since the final signal of the assay depends on the
amount of barcode DNA in gel, the functionalization of barcode DNA on the

AuNP can amplify the detection signal by a factor 1000.
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Figure 3.6. The standard curve of Alexa Fluor 488-labeled target II probe DNA
fluorescence intensity versus concentration, ranging from 1 nM to 10000 nM.

Deionized water was used for blank.
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The average number of probe II-Alexa Fluor 488 after 1253.80

dissolving AuNP (59.30)

Table 3.4. The average amount of probe II DNA conjugated to 50-nm AuNP.
Fluorescence intensity of probe II-Alexa Fluor 488 was measured after dissolving
AuNP by using 100 mM KCN. 100 mM KCN solution was used for blank. The
average fluorescence intensity of probe II-Alexa Fluor 488 released from AuNP was

applied to the standard curve in Fig. S1, and the approximate number of conjugated

probe DNA to AuNP were calculated. (n=4)

3.3.4 Influence of the number of capture and barcode oligos on the sandwich

assay.

First, the effect of the number of capture oligos per MB and barcode
oligos per AuNP was investigated using a three different concentrations of
capture oligos (=0.8 M, =6 M, and = 12 M per MB) and three different
concentrations of barcode oligos (=4,000, =7,000, and =8,000 per AuNP) for the
three different genes (Figure 3.7 and 3.8). The number of barcode oligos per
AuNP represents the amplification factor of the assay, since for every AuNP that
forms a complex with a target gene and MB, the barcodes on the AuNPs provide
the readout in gel electrophoresis. = The concentration of barcode oligos
correspond to approximate area per molecule of 4 — 8 nm?. Therefore the highest
concentration may (lowest area per molecule) may result in steric hindrance of

the target oligo in hybridization.
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Figure 3.7. Effect of using different number of barcode oligo density (A) schematic of

different barcode oligo density on AuNP. Assay results using different amount of

barcode oligos on (B) low, (C) med, (D) high capture oligo density on MB. Target gene

concentration was chosen to be 100 pM to be confident with the results based on

supplementary Figure S2. In this test, longer versions of targets were used in order to

mimic more nature form of target genes. Statistical significance was determined by

Student’s t-test. *p < 0.05, **p <0.01, ***p <0.001.
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Figure 3.8. Stability of AuNPs with different amounts of barcode oligos. (A)
0.1 M NaCl, and (B) 0.3 M NaCl. (O) low oligo density (5,000 per AuNP), (A)
medium oligo density (7,000 per AuNP), and (0) high oligo density (8,000 per
AuNP). Stability was determined from the plasmon absorbance the AuNPs at
XXX nm using standard curves. (Blue) AMACR, (red), PCA3, and (gray)
PSMA. AuNPs with med and high density oligos are very stable longer than

the reaction time 1h in both conditions for all three types.

Experiments were performed with a target length of around 350 base
pairs for all three genes to mimic the natural form and at a concentration of 100
pM to ensure tests were performed above limit of detection (LOD) of the assay
(Figure 3.9). In these experiments, the concentration of MBs was 33 fM in mL
of sample solution (2 x 107). Therefore, the theoretical detection limit (1 target
per MB), corresponds to 33 attomoles (33 fM) target. The saturation limit of
the assay is determined by the number of capture oligos per MB, which ranged
from 26 picomoles (26 nM) at the lowest capture oligo concentration, to 393

picomoles (393 nM) at the highest capture oligo concentration.
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Figure 3.9. Different number of barcode oligos were used to test the effect of amount

of barcode oligos Fixed number of capture oligos were used for all experiments. (B)

Low density, (C) med density, (D) high density of capture oligos were used. There is

no significant differences between three densities at lower concentrations, however,

significant improvement was observed from 1 pM target concentration when med

density barcode oligo was used.

In general, the normalized intensity of the respective bands for the three

genes in gel electrophoresis increased with increasing number of barcode oligos

per AuNP (Figure 3.7). However, it is evident that the signal does not increase

proportionally with the number of barcode oligos per AuNP. This is typical for

gel based detection methods due to limitation of gel imaging.'3°
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Nanoparticles are very sensitive to their environment due to high

surface/volume ratio. To assess their stability, AuNPs with different
concentrations of barcode oligos were incubated in 0.1 M NaCl or 0.3 M NacCl.
From the absorbance of the AuNPs, we found that in 0.1 M NaCl, 96% of the
conjugated AuNPs remain stable for at least 1 hour, the length of the assay
(Figure 3.8A). In 0.3 M NacCl, except for AuNPs with a low density of barcode
oligos, 92% are stable for at least 1 hour (Figure 3.8B). This result suggests that
the medium density of barcode oligos (=7,000 per AuNP) is the minimum value
to maintain stability during complex formation. Therefore, we selected 7,000

barcode oligos per AuNP to maintain stability and minimize cost and reagents.
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Figure 3.10. Effect of using different number of capture oligo density (A)
schematic of different capture oligo density on MB. Assay results using different

amount of capture oligos on (B) low, (C) med, (D) high barcode oligo density on
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AuNP. Target gene concentration was chosen to be 100 pM to be confident with
the final result based on supplementary data xx. In this test, longer versions of
targets were used to mimic more nature form of target genes. Statistical

significance was determined by Student’s t-test. *p < 0.05.

Next, the effect of using different concentrations of capture oligos was
investigated. In these experiments, the assay was performed with 3 different
concentrations of capture oligos (800,000, 6,000,000, and 12,000,000 per MB)
and a fixed concentration of barcode oligos per AuNP (7,000 per AuNP).
Experiments were performed with 100 pM of the target gene, as described

previously. The results are same as in Figure 3.7 and replotted in Figure 3.10.

The assay output intensity is independent of the amount of capture oligos
per MB (Figure 3.10). This confirms that there are sufficient capture oligos to
bind the target oligos in the sample in all cases. The concentration of target
oligos (100 pM = 6 x 10° oligos in the sample) is larger than the number of MBs
(2 x 107), and hence above the theoretical detection limit. We note that the MBs
are 2.8 um in diameter, and hence we cannot use DLS to confirm the conjugation
with the capture oligos. TEM images (Figure 3.11) might indicate that it is the
efficiency of complex formation that is the limiting step. Even if there are
millions of capture oligos on MB, there are hundreds of AuNPs that formed

complex formation.
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Figure 3.11. TEM images of MB-target-AuNP sandwich complex. All samples were
prepared after performing the assay with different concentration of PCA3 targets (A),
(B): 0, (C), (D): 1 pM, (E), (F): 100 pM. (A) and (B) show representative images of NC
where no target was introduced. This indicates very little non-specific binding between
MB and AuNP. AuNP/MB is 8. At higher concentrations of targets, more AuNP/MB
were observed. AuNP/MB is 80 for (C) 1 pM target concentration, and 128 for (E) 100

pM target concentration.
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3.3.5 The number of overlapping oligonucleotide base pairs.

Sequence design is an important parameter in sandwich assays. In
addition to the sequence of the complementary pairs between targets and
capture/barcode oligos, the length of the overlapping sequences was investigated.
We compared assays with 10 — 30 base pair overlapping sequences for the
capture/barcode oligos for hybridization with the target genes. Here we define
an overlap of 10 bps as 10 bps hybridizing with the capture oligo and 10 bps
hybridizing with the barcode oligo. In this experiment, a shorter version of the
target genes was used to focus on the effect of the overlapping portion and
minimize as many variables as possible. Longer target oligo could have
secondary structure that hinder hybridization or require more time to hybridize.
The sequence of the target is chosen based on previously published primer

sequences used.!?’
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Figure 3.12. Different number of overlapped sequences between target and

barcode oligos make differences in results. Assay performed with barcode oligos
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that overlaps 10 bp show lower intensity compared to one with 30 bp overlapped
bp. Statistical significance was determined by Student’s t-test. *p < 0.05, **p <

0.01. All barcode sequences are listed in Table 3.1.

As a number of overlapping base pairs increased, the intensity of the bands in the
assay increased (Figure 3.12). An overlap of 10 base pairs showed statistically
significant differences from 10 pM when compared to 30 base pair overlapped
sequences. Length of both overlapping base pairs between targets and oligos used
for MB and AuNP play a very important role in specificity which increases the

signal.

3.3.6 Single target detection (AMACR, PCA3, & PSMA) in buffer solution

Based on experiments to assess the individual steps in the assay, we determined
that the optimum conditions are: 7,000 barcode oligos on the AuNPs, 6 x 10° capture
oligos on MBs, and longer than 20 base pair overlapping sequences. To test the assay
performance, targets genes were spiked into buffer solution with seven different
concentrations. In all cases we used 2 x 107 MBs in 1 mL samples, corresponding to
a detection limit (with 1 target per MB) of 33 attomoles or 33 fM of the target gene.
From the number of capture oligos, the theoretical saturation limit was 200 picomoles
or 200 nM of the target gene.  All intensities were normalized to samples with no target
gene (NC).

For all three target genes, the normalized intensity of the assay increased with

target gene concentration, above a threshold (Figure 3.13). The limit of detection
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(LOD) is the lowest concentration at which target can be detected with 95%
confidence.!’®¥!* It was determined in the same way described in previous

publication'!” using following equation.

LOD = LOB + 1-64‘5(5Dlow concentration sample)

LOD: limit of detection, LOB: limit of blank

The LoD in spiked buffer was determined to be 1 pM and in spiked urine was 1-10

pM. Difference in intensity were observed in range of 0.1 - 1 pM.
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Figure 3.13. LOD of the sandwich assay was investigated. Different
concentrations of three target genes, (A) AMACR, (B) PCA3, and (C) PSMA,
were spiked into buffer solution. Obvious intensity difference was observed from
10~100 fM range. LOD was calculated to be 1 pM in buffer solution based on
statistical analysis. Different concentrations of three target genes, (D) AMACR,

(E) PCA3, and (F) PSMA, were spiked into urine from healthy individuals.
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Results show very similar to experiments in buffer solution. LODs for AMACR,

PCA3, and PSMA were 10 pM, pM, 10 pM.

To determine the influence of non-specific binding, we performed
experiments with different amounts of MBs (6,000,000 capture oligos per MB)
without any target gene (Figure 3.14). At all concentrations of MBs (from
0.033 amol to 66 amol) the normalized intensities in the assay were statistically
indistinguishable, indicating that non-specific of AuNPs to the MBs is negligible.
To see the effect of amount of MBs on the dynamic range of the assay, the assay
was performed with less amount of MB (Figure 3.15). There was no significant
difference observed in this test either. This data showed a possibility of using less
amount of MB in the assay and there should be other factors that plays a role in

determining dynamic range of the assay
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Figure 3.14. To test non-specific binding from NC, different amount of MBs were used
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without any target. For all three types of MBs, there was no non-specific binding.

To check the dynamic range of the assay, the upper and lower limits were
investigated. The ratio of AuNPs to MPs was around 225, which is optimized to
assure enough space between AuNPs for minimizing steric hindrance. Therefore,
upper limit of the assay was determined by the amount of AuNPs. Considering a
one to one ratio between the target gene and AuNPs, the number of AuNPs used
(4.50 x 10%) can provides an estimate of the upper (saturation) limit. It was
calculated to be about 75 pM. This is a fair estimate since Figure 3.13A showed

the intensity started to plateau out around 100 pM.
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Figure 3.15. Excess amount of MBs are used in the assay. This showed that a
less amount of MBs did not affect the dynamic range of the assay (n~3). PCA3

target genes were used in this experiment.
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To determine whether the detection limit of the gel reader using the
SYBR stain contributes to the lower limit, we used the SYBR detection limit
provided by the manufacturer of 60 picograms of double stranded oligos. The
lower limit of target concentration is calculated to be around 30 fM by converting
SYBR limit in grams into concentration of barcode oligos first, then converting
it to concentration of target. This is very reasonable compared to our data shown

in Figure 3.13 where signal started to see elevation around 10-100 fM range.

3.3.7 Single target detection (fusion genes) in buffer solution

To verify whether each AuNP probe binds to target fusion gene
specifically, we performed the bio-barcode assay using synthetic target DNA at
various concentrations, ranging from 1 nM to 100 aM. Fig. 2a shows the
electrophoresis result of the bio-barcode assay for detection of 3 individual target
genes in buffer solution. Barcode DNA of different lengths corresponding to
respective target gene appeared on native polyacrylamide gel, in agreement with
expected molecular weight (target I, 30 bp; target II, 40 bp; target 111, 60 bp).
Since the final signal was obtained from SYBR Green I fluorophore of dsDNA
on gel, accurate quantitative readout can be challenging. The graph for average
intensity of each band, however, shows dose-dependent manner (Figure 3.16).
Moreover, the result showed that bio-barcode assay was able to detect a wide
range of concentrations (8-orders of magnitude) with a very low detection limit.
At 100 aM target concentration, the intensity of band was higher than the signal

for NC. To obtain specific limit of detection value, we measured signal intensity
6 6



of each band on a gel using Image J software and calculated actual detection limit
for each target gene according to the following equation.'*® (Target I, 1.77; Target II,

1.23; Target I11, 1.22)
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Figure 3.16. Bio-barcode assay for single target detection. (A) The results of
single target detection in buffer solution, ranging from 100 aM to 1 nM, are
shown. In the gel image, each band shows barcode dsDNA after electrophoresis.
(B) Fluorescence intensity of each band is normalized to that of negative control
(NC). From left to right, target I, target II, and target III. Error bars indicate

standard error of the mean. (n=3)

3.3.8 Multiple target detection (fusion genes) in buffer solution

We tested the capability of the bio-barcode assay to detect multiple target
genes with various combinations of target genes (Target I + II, I + III, and II +
IIT) because different length of barcode DNA allows for their separation in a

single lane of gel simultaneously. The target mixtures were incubated with three
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kinds of magnetic probes and barcode probes for 30 min. The result clearly
showed that the bands of barcode dsDNA corresponding to existence of target
fusion genes. The detection limit for assay increased in the case of multiplexed
assay compared with single target assay. Since the similarity of TMPRSS2-ERG
fusion genes could make competitive interaction between targets,'*’ target
capture efficiency of MB and AuNP probes should be decreased. Although
competition effect existed, the bio-barcode assay was able to detect three targets

at 10 pM (1 fmole) (Figure 3.17).

[
Target I/11 (30/40 bp) Target I/111 (30/60 bp) |-— Target II/111 (40/60 bp)
1
=
. # - 13
: " - - h
ane NC 100 1 10 100 1 10 100 1
NC 100 1 10100 1 10100 1 NC100 1 10100 1 10100 1 aM M pM  nM
aM M pM nv| (R am pM  nM| |ew
B
8 8 5
-‘E 7 | —e—Target| 7 | —e—Target| 4l —e—Target Il
86 [ —eTargetll 6  —e—Targetlll —e—Target lll
2E5 ¢ 5r 3t
=@
© Q4 4
g3 3t =l
82 2t 1L
ER 1+
=40 0 0
O & STaSasS Sasss \“ TS

Figure 3.17. Bio-barcode assay for detection of multiple DNA targets. (A) The
gel images of multiplexed detection in single assay are shown. Combination of
targets (from left to right: target I+I1, target [+III and target I1+III) are mixed in
a buffer solution, ranging from 100 aM to 1 nM of each target. Separation of two
different barcode DNA corresponding to different target genes shows capability
of multiplexing. (B) Fluorescence intensity of each band is normalized to that

of NC. Error bars indicate standard error of the mean. (n=3)
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3.3.9 Single target detection (AMACR, PCA3, PSMA) in human urine

Target genes were spiked into healthy human urine to test the feasibility of
using the assay with clinical samples. All intensities were normalized to the control (no
target) in healthy human urine. Healthy human urine was obtained as a mixture from
several healthy individuals with different age, sex, and race. As shown in Figure 3.13D,
E and F, results suggested that LOD of the assay were slightly lower in the range of 1
pM — 10 pM. This might be due to urine constituents decrease capturing efficiency
slightly. The performance of the assay in testing clinical samples showed very similar
results compared to experiments in buffer solution. This indicates that urinary
components do not affect the performance of the assay significantly. Therefore, using

the assay in testing clinical samples seems very promising

3.3.10 Multiple target detection (fusion genes) in human urine

After confirming detection capability of the bio-barcode assay in buffer
condition, we tested sensitivity of assay in urine, since urine contains an
assortment of inorganic and organic compound including proteins, hormones,
and metabolites, the LOD of the assay regarding urine can be decreased due to
non-specific binding of urinary components to probes.!*! We found that the bio-
barcode assay showed the LOD to be 1 fM (almost the same detection limit to
buffer solution), which suggests the bio-barcode assay is able to detect target

genes even in urine with high sensitivity (Figure 3.18).
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Figure 3.18. The result of bio-barcode assay for synthetic DNA target II in urine. The
average fluorescence intensity of the DNA bands at different concentration ranging
from 100 aM to 1 nM was shown. Urine of healthy men without any target was used

for NC. Error bars indicate standard error of the mean. (n=3)

3.3.11 Determination of fusion gene types in patients’ urine

To test whether the bio-barcode assay can be applied in a clinical setting,
we detected the fusion genes in various patients’ samples (n = 40). This n number
is obtained from clinical sample size calculation guides.'**!*3 Following equation is
used: n = [(Za/2 + ZB)* x {(pl (1-pl) + (p2 (1-p2))} 12]/(p] - p2)?, where n = sample
number, pl = expression percentage of fusion genes from non-patients (0%), p2 =
expression percentage of fusion genes from patients (26% for target I, 86% for target
IL, 20% for target I11), Za/2 = level of significance, for 5% this is 1.96, Zp = power, the
probability of identifying a real difference with the statistical test and is often taken as
80%, for 80% this is 0.84. At most 31 patients’ samples are needed according to this

equation. We tested 38 patients’ urine samples.

First we compared the bio-barcode assay with well-known RT-PCR for
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urinary assay. For the RT-PCR, the purification of RNA from urine is
necessary.!** However, urinary components can affect the purity of RNA,
therefore, genetic isolation during the target detection phase in untreated urine is
still important.'* According to previous studies, efficiency of RNA isolation by
magnetic particle with complementary sequence to target genes was much higher
compared to the conventional Trizol method.!*® Thus, we compared the amount
of purified RNA from 10 ml patient urine using the magnetic probe and Trizol
solution. Interestingly, even though the magnetic probe captured only specific
target RNA, about 500 ng/uL of target RNA was extracted from urine. On the
other hand, a 10-times lower amount of total RNA in 10 ml of urine was isolated
by the Trizol method. Moreover, the absorbance ratio at 260 nm to 280 nm is
much higher in RNA treated with the MB isolation method compared to ratio
given by the Trizol method (data not shown). These findings support the fact that
magnetic probe capturing system-based bio-barcode assay can enhance the
capability for target detection through increased urinary RNA capturing
efficiency. Moreover, total assay time for the bio-barcode assay (including gel
electrophoresis) was 2 hours, while the RT-PCR required for 4 hours (RNA
purification: 90 min, reverse transcription: 50 min, PCR: 80 min, and gel

electrophoresis: 30 min).
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Figure 3.19 Comparison between RT-PCR and bio-barcode assay. “Detected” means
patients’ sample that were detected fusion genes by the bio-barcode assay. The bands
of PCR products, representing target I and II of the TMPRSS2-ERG, are well matched

with the results of bio-barcode assay in figure S6.

Importantly, two approaches showed the same trend of results; target II
was detected by bio-barcode assay and RT-PCR (Figure 3.19). To verify whether
detected genes was the combination of TMPRSS?2 (exon 1) with ERG (exon4),
we sequenced the PCR product. The sequencing result agreed well with reported
fusion gene sequence,'*’ which strongly supported that the bio-barcode assay can

specifically determine fusion gene type in urine (Figure 3.20).

Furthermore, we observed PSA level in patient urine in order to combine
detection of PSA with TMPRSS2-ERG. Gleason score of all patients showed
almost the same level, which indicates that clinical outcome in patients were
similar (Figure 3.21). Interestingly, the bio-barcode results showed the diversity
of fusion genes while PSA assay showed similar PSA level. (Figure 3.21 and 3.22).
This result supports the claim that the differential determination of fusion genes

in urine of early stage patients can offer more information of patient conditions
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and disease progressions. Importantly, although the patient who was treated with
the hormone showed an almost zero level of PSA, the fusion gene of target Il was
detected in the same urine using the bio-barcode assay, which indicates that bio-
barcode system can decrease diagnostic error in medicine and can be used to

monitoring the prognosis of the disease after patient treatment.

Altogether, the result suggests that the bio-barcode assay can detect three
fusion genes in a single assay effectively in a short period of time. Moreover, the
assay is cost effective compared to the RT-PCR. This patient friendly technique
is a very strong candidate for high throughput screening method for prostate

cancer that can give information on genetic diversity.
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Sbict 510 AGGAACTGCGATTTATTACCAATGACCACTTCGTAAGGCTAATCCC-AGCTA 560

Target |

Score Expect Identities Gaps
263 bits(142) 3e-74 146/148(99%) 0/148(0%)

Query 44 rrrTngasfl?l!ﬁll Iﬁll it | GAGTGAGGACCAGTCGTTGTTTGAGT 103

LT |||II|||||I|||||II||||I|I|||
Sbjct 15  CGCCTGGAGCGC GCAGGAAGCCTTAT GIGAGTGAGGACCAGTCGTTGTTTGAGT 74

Query 104 GTGCCTACGGAACGCCACACCTGGCTAAGACAGAGATGACCGCGTCCTCCTCCAGCGACT 163

, l||||||||||I[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 75  GIGCCTACGGAACGCCACACCTGGCTAAGACAGAGATGACCGCGTCCTCCTCCAGCGACT 134

Query 164 ATGGACAGACTTCCAAGATGAGCCCACG 191

_ [LLLELE DL LT
Sbjct 135 ATGGACATACTTCCAAGATGTGCCCACG 162

Target Il

Figure 3.20 BLAST analysis of DNA sequencing result. DNAs after RT-PCR and gel
electrophoresis were extracted, purified, and sequenced. BLAST analysis confirmed
that the DNA sequence corresponds with TMPRSS2-ERG (TMPRSS?2 exon 1/2 + ERG
exon 4 and TMPRSS?2 exon 1 + ERG exon 4). Colored regions indicate target I and II

TMPRSS2-ERG fusion site.
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Clinical Data TMPRSS2-ERG Clinical Data TMPRSS2-ERG
Patient Biopsy Preoperative % Tumor | Target | Target | Target Patient Biopsy Preoperative % Tumor | Target | Target | Target
Gleason Score PSA (ng/mL) Volume: | ] mn Gleason Score PSA (ng/mL) Volume I L} i

1 3+3 4.3 - 21 3+4 5.1 10

2 3+3 4.4 8 - 22 3.0 -

3 3+4 3 - 23 3+4 39 25

4 4+3 58 - 24 443 56 7

5 3+4 8.8 15 25 3+4 43 15

6 3+4 44 5 28 3+4 57 10

7 4+3 79 10 27 Hormone Therapy 20

8 Hormone Therapy 05 10 28 3+4 15.9 10

9 4+3 83 20 29 3+4 47 10

10 3+4 3.9 7 30 3+4 49 5

11 3+4 71 <5 kil 4+3 14.6 8

12 4+3 38 20 32 4+3 12.6 30

13 3+4 1.7 20 33 4+3 35 13

14 3+4 38 5 34 3+4 20 5

15 3+4 54 10 * 35 Hormone Therapy 89.4 90

16 4+3 10.2 60 36 3+4 8.4 18

17 4+5 279 75 37 3+4 39 5

18 343 8.0 5 38 Hormone Therapy 10

19 4+3 9.9 15 39 4+4 57 15
20 443 5.4 s | | - Detected

[:] Non-detected

Figure 3.21 The results of bio-barcode assay for urine of men with prostate cancer. The

urine from healthy human was used as a NC. Biopsy Gleason score is displayed as the

sum of Gleason pattern of tumor’s primary grade and second grade. PSA level was

obtained from patients’ blood. Percentage of tumor volume is shown as the ratio of

tumor to prostate tissue. The results of TMPRSS2-ERG detection is on the right side of

each table.
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Figure 3.22 The result of bio-barcode assay for patients’ urine with prostate
cancer. (A) Relative fluorescence intensity of barcode DNA normalized to NC
(urine of healthy men) was shown. Horizontal bars indicate detection limit of
each target. (B) Percentage of different types of fusion gene expression was
shown. 18 out of 39 patients (46.2%) have at least one type of TMPRSS2-ERG.
Target Il of TMPRSS2-ERG was detected in 12 out of 18 patients (66.7%). Both

target I and target 111 fusion genes were expressed in 7 patients (38.9%).
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3.4 Conclusions

In this study, oligonucleotide sandwich assay for detecting prostate
cancer genomic biomarkers is optimized. Important factors that influence
performance of the assay are sequence, length, and number of oligonucleotides.
In this study we found that AuNPs conjugated with barcode oligos are more
sensitive than MBs conjugated with capture oligos. Obtaining more stable
AuNPs with enough amount of barcode oligos for signal amplification is the key
for the successful assay. Specific sequences that overlaps at least 20 base pairs
with target genes are necessary for the optimal outcome. Also, 5 million capture
oligos per MB and 7k barcode oligos per AuNP seemed to perform very
effectively without increasing cost too much. Under optimized conditions,
clinical samples such as patients’ urine can be further investigated in the future
to find correlation between expression of genomic biomarkers and clinical

outcomes.

Also, we found that the bio-barcode assay improved not only the LOD for
fusion gene detection but was also able to specifically target genes in the untreated urine
of men with prostate cancer. Importantly, this approach is able to recognize multiple
fusion genes in a sample simultaneously because the barcode DNA, with their different
lengths, represent the type of fusion gene, and can be visualized at different position on
the native polyacylamide gel. Increased sensitivity for fusion genes in the bio-barcode
system allows the direct usage of urinary samples for the assay without any
cumbersome preparation steps. We anticipate that the assay can be applied in non-
invasive diagnosis of prostate cancer through the identification of specific target fusion

genes in patient samples as well as in the determination of prostate cancer progression
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and aggressiveness.
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