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Multifunctional Nanomaterials of DNA Block Copolymers: Synthesis,
Self- Assembly, Thermodynamic Studies and Biomedical Applications

Abstract

Oligonucleotide-conjugated bio-hybrid nanomaterials with a dense DNA layer on the surface have been
shown to possess extraordinary selectivity and sensitivity for DNA detection as well as promising results as
delivery agents, as demonstrated with the exceptional example of polyvalent oligonucleotide-conjugated gold
nanoparticles. However, progress in this field has been slowed, since achieving high DNA density
functionalization on the nanoparticle surface for materials other than gold is a major challenge. In this body of
work, we have developed a general system to conjugate a dense layer of DNA on the surface of nanoparticles
by the self-assembly of DNA block copolymer. These hybrid nanostructures demonstrated enhanced DNA
binding, where the DNA strands on the surface of the nanoparticles can recognize and bind to
complementary DNA strands without the addition of salt, a condition where free DNA strands do not form
duplex. These assemblies are also selective in DNA recognition; they can distinguish different number base
mismatches of the complementary DNA. It was determined that these assemblies possess a surface DNA
density that is four times higher than that of DNA-conjugated gold nanoparticles of the same size, the highest
DNA functionalization reported in the literature in this size range. These assemblies were also effectively taken
up by cells without the use of a co-transfecting agent. The high DNA density also protects the degradation of
the DNA, making them ideal candidates for DNA delivery and antisensing applications. Lastly, these
assemblies have been tested for their antisensing capability, and found that they can effectively down regulate
a targeted protein.
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ABSTRACT

MULTIFUNCTIONAL NANOMATERIALS OF DNA BLOCK COPOLYMERS:
SYNTHESIS, SELF-ASSEMBLY, THERMODYNAMIC STUDIES AND
BIOMEDICAL APPLICATIONS
Xi-Jun Chen
So-Jung Park

Oligonucleotide-conjugated bio-hybrid nanomaterials with a dense DNA layer on
the surface have been shown to possess extraordinary selectivity and sensitivity for DNA
detection as well as promising results as delivery agents, as demonstrated with the
exceptional example of polyvalent oligonucleotide-conjugated gold nanoparticles.
However, progress in this field has been slowed, since achieving high DNA density
functionalization on the nanoparticle surface for materials other than gold is a major
challenge. In this body of work, we have developed a general system to conjugate a
dense layer of DNA on the surface of nanoparticles by the self-assembly of DNA block
copolymer. These hybrid nanostructures demonstrated enhanced DNA binding, where the
DNA strands on the surface of the nanoparticles can recognize and bind to
complementary DNA strands without the addition of salt, a condition where free DNA
strands do not form duplex. These assemblies are also selective in DNA recognition; they
can distinguish different number base mismatches of the complementary DNA. It was
determined that these assemblies possess a surface DNA density that is four times higher
than that of DNA-conjugated gold nanoparticles of the same size, the highest DNA
functionalization reported in the literature in this size range. These assemblies were also
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effectively taken up by cells without the use of a co-transfecting agent. The high DNA
density also protects the degradation of the DNA, making them ideal candidates for DNA
delivery and antisensing applications. Lastly, these assemblies have been tested for their
antisensing capability, and found that they can effectively down regulate a targeted

protein.
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nano-flares (left: cells containing survivin, right: cells without survivin);
neither show any fluorescence from the reporter. (B and C were adapted
from ref [30], reprinted with permission from AAAS; E and F were reprinted
with permission from ref [122]. Copyright 2007 American Chemical Society)
Figure reprint with permission from ref [48].Copyright 2012 Wiley-VCH
Verlag GmbH & Co. KGaA

Figure 1-9. (A) Release of DNA strands hybridized to complementary DNA
immobilized on gold nanoshells by NIR irradiation. (B) Release of green
fluorescent protein (GFP) coding plasmid from Au nanorod through the
shape transformation by pulsed laser irradiation. (C) Experimental set-up
and schematic description of RF-field induced DNA dehybridization. Figure
reprint with permission from ref [48].Copyright 2012 Wiley-VCH Verlag
GmbH & Co. KGaA
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b-PS), (A) Phosphormaidite-terminated PS and (B) coupling of polymer with
DNA on CPG beads. (C) An emission spectrum of FAM- labeled DNA-b-PS
dispersed in water. (D) DLS data of simple micelles of DNA-bH-PS
(PS@DNA) in water. (E) Gel electrophoresis result for 1) DNA and 2)
PS@DNA.

Figure 2-2. GPC chromatograph of pristine PCL and PCL after exposure to
concentrated ammonium hydroxide in DMF.

Figure 2-3. Synthesis and characterization of PEG-56-PCL (A) THP-PEG, (B)
N3-PEG-OH, (C) N3-PEG-b-PCL-OH

Figure 2-4. Various molecule weights of azide-PEG-5-PCL-OH

Figure 2-5. GPC chromatograph of pristine PEG-b6-PCL and PEG-b-PCL
after being suspended in water in the self-assembled form after a period of
one month.

Figure 2-6. Assemblies of Pyrene-PCL-b-PEO-OH

Figure 2-7: Degradation of PCL in alternative synthesis method of PEG-b-
PCL block copolymer.

Figure 2-8. Hybridization of DNA TCP with HeLa cells with different DNA
density.

Figure 2-9. Characterization of PEG-6-PBO-b-PCL and NMR

Figure 2-10. Scattering of PEG-PCL and PEG-b-PBO-b-PCL assemblies in
cell medium after different time periods of incubation.

Chapter 3

Figure 3-1. (A) Schematic description for the binding of Cy3-labeled
complementary DNA (Cy3-DNA) to MNP@PS@DNA below DNA melting
temperature. (B) Fluorescence spectra of MNP@PS@DNA mixed with Cy3-
DNA in 0.3 M PBS below and above DNA melting temperature. (C)
Fluorescence spectra of MNP@PS@DNA mixed with Cy3-DNA in water
with no added salt below and above DNA melting temperature. For
comparison, a fluorescence spectrum of plain FAM-modified DNA mixed
with the complementary Cy3-DNA in the same condition was collected at 20
71C and plotted in green, which reveals negligible FRET. For all spectra, the
excitation wavelength was 430 nm, which selectively excites FAM. Figure
reprint with permission from ref [2].Copyright 2010 Wiley-VCH Verlag
GmbH & Co. KGaA

Figure 3-2. (A) Schematic description for the preferential binding of Cy3-
labeled target DNA to MNP@PS@DNA in the presence of CyS5-labeled
competition DNA (i.e. plain DNA with same sequence as the DNA of
MNP@PS@DNA). All experiments were carried out in water without added
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salts unless otherwise specified. (B) Fluorescence spectra of the competition
experiment with MNP@PS@DNA, Cy3-labeled target strands (Cy3-DNA)
and Cy5-labled competition strands (Cy5-DNA), showing selective binding
of target DNA to MNP@PS@DNA. FRET efficiency of FAM/Cy3 pair,
Erret(Fam-cy3) = 36.0 %. Excitation wavelength = 430 nm. (C) Room
temperature (20 °C) fluorescence spectrum of the competition experiment
with 525 nm excitation (blue), confirming that competition Cy5-DNA strands
exist as single stranded DNA (Errer cy3-cys = <1 %). For comparison,
fluorescence spectrum of Cy5-DNA and Cy3-DNA in 0.3 M PBS is also
presented (red), which shows intense Cy5 emission via the FRET, Errer(cys-
cys) = 74.7 %. Figure reprint with permission from ref [2].Copyright 2010
Wiley-VCH Verlag GmbH & Co. KGaA

Figure 3-3. FRET efficiencies (Errer) (A) and melting temperatures (7,,) (B)
for DNA sequences with different numbers of base mismatches (underlined).
Figure reprint with permission from ref [2]. Copyright 2010 Wiley-VCH
Verlag GmbH & Co. KGaA

Figure 3-4. DLS measurements of simple micelles (A) and PS-filled meso-
assemblies (B). (C) A TEM image of PS-filled meso-assemblies.

Figure 3-5. (A-B) Pictorial descriptions of PS@DNA (A) and
PS@PS@DNA (B), showing how the radius of curvature affects the DNA
packing and the duplex formation at a low salt concentration. (C-D) PL
spectra of PS@DNA (C) and PS@PS@DNA (D) in the absences of acceptor
(green) and in the presences of acceptor (blue) measured in water. The PL
spectra of the assemblies in 0.3 M PBS in the presence of acceptor are also
presented for comparison (red).

Figure 3-6. PL spectra of FAM-labeled DNA in the absence (FD) and
presence (FDA) of complementary Cy3-DNA in (A) 0.3M PBS and water.
(B) Corresponding melting curves by monitoring the FAM intensity at 520
nm.

Figure 3-7. The melting transition profiles monitored by the change of FAM
emission intensity at 520 nm for plain DNA (A), simple micelles (E), and
meso-assemblies (I) with Cy3-DNA at three different salt concentrations,
0.3M PBS (purple), 0.1M PBS (green) and water (orange). Selected emission
spectra at three different temperatures for each salt concentration are shown
following the melting curves.

Figure 3-8. Plots of (A) Tm and (B) EFRET for plain DNA, simple micelles
and meso-assemblies in the presence of complementary Cy3-DNA for three
different salt concentrations 0, 0.1 and 0.3M PBS.

Figure 3-9. Concentration-dependent thermodynamic analysis of
PS@PS@DNA in solution without added salt. (A) Melting curves at varying
DNA concentrations plotted at the emission intensity of FAM (donor) at its
emission maximum (520 nm) at increasing temperatures. (B) van’t Hoff’s
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plot of the concentration-dependent thermodynamic analysis where
thermodynamic parameters of enthalpy and entropy were extracted.

Figure 3-10. Binding constants, Keq, of plain DNA, DNA block copolymer
assemblies of homopolymer filled meso-assemblies at different salt
conditions.

Figure 3-11. (A) TEM image and (B) DLS of AuNP@PS@PC-DNA. (C)
Hybridization properties of AuNP@PS@PC-DNA assemblies with Cy3-
labeled target in solutions with no added salt showing the assemblies
enhanced binding properties.

Figure 3-12. (A) Schematic description of the method used to determine the
number of DNA strands using photocleavable DNA. (B) The number of
DNA strands per meso-assemblies and the number of DNA strands per DNA
functionalized gold nanoparticles (AuNP)4 with A10 and PEG spacer.

Figure 3-13. (A) Schematic description of the formation of meso-assemblies
with diluent strands. (B) A TEM image of meso-assemblies with 10%
diluent strand percentage. (C) DLS data of meso-assemblies with 0, 5, and
67% diluent strand percent-age. (D) A Plot of FRET efficiency as a function
of diluent strand percentages. [what was the salt concentration?] Fluo-
rescence spectra of D in supporting information

Figure 3-14. (A) Assembly scheme of meso-assemblies containing a mixture
of DNA block copolymer strands with and without fluorescein (FAM). (B)
DLS measurement of meso-assemblies with 100% and 50% FAM-DNA
block copolymer strands. (C) FRET efficiencies of assemblies with 100%,
50% and 33% FAM-DNA block copolymer strands.

Chapter 4
Figure 4-1. (A) Confocal images of HeLa cells after the incubation with
PS@PS@FAM-DNA (top) and after the incuvation with PS@PS@FAM-
DNA prehybridized with ¢cCy3-DNA (bottom). (B) z-sectioning images of
cells incubated with PS@PS@FAM-DNA using section size of 2 microns.

Figure 4-2. Confocal images of HeLa cells after incubation with ssFAM-
DNA. The fluorescent image clearly showed that the ssFAM-DNA does not
get uptake by the cells. The intense Cy3 signal without FAM signal indicates
that the positively charged Cy3 dyes get taken up by cells after they are
cleaved off from the DNA.

Figure 4-3. Dynamic light scattering measurements for the stability of meso-
assemblies in cellular uptake study conditions; incubate condition: 37°C for
48 hr in cell medium, DMEM/10%FBS.

Figure 4-4. Confocal images of HeLa cells transfected with GFP plasmids.

Figure 4-5. Confocal images of HeLa cells transfected with GFP plasmids.
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Figure 4-6. Plots of emission intensity of green fluorescent proteins (GFP) in
GFP-transfected HeLa cells at 48 (A) and 72 (B) hours of incubation with (1)
DNA block copolymer assemblies containing antisensing sequence. Also of
(2) assemblies with non-antisensing sequence and (3) antisensing single-
stranded DNA and (4) control with pristine GFP-transfected HeLa cells.
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Figure 5-1. (A) RISC complex mechanism. (B) Steric inhibition mechanism.
(C) RNAseH mechanism. Reprint with permission from ref [4].Copyright
2007 Nature Publishing Group.

Figure 5-2. Cellular uptake of PEO-b-PCL with HeLa cells.

Figure 5-3. (A) Cellur uptake of DNA TCP with HeLa cells. (B) Z-section
confocal images of the treated cells, 2 um per slice. (C) XTT assay analysis
on the cytotoxicity of the biodegrable DNA block copolymer.

Figure 5-4. Cellular uptake of DNA TCP loaded with Nile Red.

Figure 5-5. Cellular uptake of DNA TCP with HeLa cells with different
DNA density.

Figure 5-6. Cellular uptake of corresponding structures of different size and
shape; (A) fibril and (B) spheres; DNA-b-PEG-b-PCL assemblies.

Figure 5-7. Vimentin down regulation in 3T3 cells using fibril DNA-b-PEG-
b-PCL in 3T3 cells.

Figure 5-8. Cellular uptake of fibril DNA-b-PEG-b-PCL in HUVEC cells.

Figure 5-9. Kinetic studies on the uptake of DNA-b-PEG-b-PCL assemblies
by HUVEC.

Figure 5-10. (A) Cellular uptake of DNA-b-PEG-b-PBO-b-PCL by HUVEC.
(B) Kinetic studies on the uptake of DNA-b-PEG-b-PBO-H-PCL assemblies
by HUVEC.

Figure 5-11. Cellular uptake of (A) DNA-b-PEG-b-PCL and (B) DNA-b-
PEG-b-PBO-bH-PCL in IMR32 cells.
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Chapter 1. Introduction

1.1 Dissertation Overview

Bio-inorganic hybrid nanomaterials have long been an actively pursued topic in
the field of nano-biotechnology and nano-medicine, mainly owing to their interesting
properties and versatile applications in the fields of biology and medicine. The interest of
this Ph.D. dissertation lies in the synthesis and medical applications of bio-conjugated
inorganic hybrid nanostructures. More specifically, the goals of this body of work
involve: 1) the fabrication and analysis of novel DNA-inorganic nanoparticulates
composed of DNA diblock copolymer assemblies and functional nanoparticles (see
Chapters 2 and 3), and ii) the application of these hybrid nanostructures in the delivery
of conventional and genetic drugs (such as polynucleotides, in this case DNA) (see

Chapters 4 and 5).



A comprehensive overview on the basic principles and background on the subject
is provided here in Chapter 1, and an outlook on the future directions of this research

project is discussed in Chapter 6.

1.2 Deoxyribonucleic Acid (DNA)
1.2.1 Structure

The blueprint of all living organisms, from bacteria to plants and animals, is
encrypted in the biopolymer deoxyribonucleic acid (DNA). In eukaryotes (cells with a
nucleus), this biopolymer resides in the nucleus and the mitochondria. The backbone of
this biopolymer is composed of alternating negatively charged phosphate groups attached
to the 3’ and 5’ carbon of 2-deoxyribose sugar rings (Figure 1-1). The encryption for all
life forms encoded in DNA is made up of random mixing of four nitrogenous bases
attached to the 1’ carbon on the five-carbon pentose ring. The four nitrogenous bases
belong to two groups, adenine (A) and guanine (G) belonging to the purine group and
cytosine (C) and thymine (T) belonging to the pyrimidine group.

James D. Watson and Francis Crick correctly postulated in 1953 that the structure
of naturally occurring DNA is composed of two helical chains.' The DNA double helix
structure is held together by hydrogen bonding and base stacking from the nitrogenous
bases, with A paired with T and C paired with G. Double helix DNA can exist in mainly
three different conformations, A, B and Z-conformation. Under physiological conditions,
DNA exists as the B-form. The diameter of duplex DNA is about 2.0 nm, with each
helical turn containing about 10.4 base pairs measuring 3.4 nm per turns, thus each base

pair is roughly 3.4 A



1.2.2 The Central Dogma of Molecular Biology

DNA contains the genetic codes for amino acids that made up proteins that are
necessary to sustain normal functions of cells and thus life. In the human genome, there
are roughly three billion nucleotides. In the extended form the entire genome measures to
about 2 -3 meters in length, which is super condensed in the nucleus which is roughly
1x10™"° m’ in volume. Segments of the DNA that code for a specific protein are called
genes. In the human genome as much as 98% of the DNA are non coding.3 There are
only roughly 24,5000 genes in a human genome that are translated into proteins, with
3000 possible “pseudo genes” that do not code for any protein.’

DNA does not directly get translated into proteins. Protein production is first
initiated by the transcription of DNA to messenger ribonucleic acid (mRNA), follow by
the translation of the mRNA to protein through a process known as the central dogma of
molecular biology. RNA is another type of nucleic acid, and there are two main
differences between RNA and DNA (Figure 1-1). One is the pentose sugar rings, where
RNA has a hydroxyl substituent at the 2’-carbon instead of hydrogen. The consequence
of this makes DNA more stable than RNA since it is less reactive. The other difference
between RNA and DNA is RNA uses a nitrogenous base called uracil (U) instead of
thymine in DNA.

The protein production process (Figure 1-2) begins with the unzipping of the
double helix DNA strands from its super-condensed form, and the enzyme RNA
polymerase docks on to the coding strand and begin the transcript process and produces
mRNA. After a plethora of post-transcription modifications of the transcripted mRNA,

the matured mRNA leaves the nucleus to the cytoplasm to be translated into proteins. The
5



mRNA in the cytoplasm is being read by transfer RNA (tRNA) via a trinucleotide genetic
code, where three nucleotides codes for a specific amino acid. The chain of amino acid

resulting from the translation process called polypeptides will become part of a protein.

1.2.3 Mutations and Genetic Diseases

A mutation is defined as an inherited change in genetic information; the
descendants may be cells produced by cell division or individual organisms produced by
reproduction.” Mutations in genes can be beneficial as it provides genetic variations and
thus is a fundamental aspect of evolution. Without mutations and the variation they
generate, organisms could not adapt to a changing environment and risk extinction.
However, in some cases the results can be detrimental to the health of the organism.
Many of the diseases (skin, heart, cancer) found in human are the unfortunate result of
mutations in the genome and in the case of single nucleotide polymorphism (the change
of one base).>°®

There are naturally occurring mutations and induced mutations. The former
happens due to mistakes that happen duirng DNA replication. DNA is a highly stable
molecule that replicates with an amazing accuracy, nevertheless, changes in DNA
structure and errors of replication do occur. The process of DNA replication is fairly a
complex mechanism that involves a lot of check points in order to prevent DNA material
damage as well as unwanted alterations on its structures and base pairs, ultimately
leading to mutations. Other ways that can lead to naturally occurring mutation can be due
to the loss of a purine base or amine groups in the bases.” In the case of induced

mutations, viruses, chemical means or radiation modifies the bases on the DNA.
6
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1.3 Conventional DNA Detection Methods

The important function of DNA causes detrimental consequence when this
blueprint for life is mutated or damaged. It is critical to be able to identify and pinpoint
the segment of the DNA where this mutation occurred, thus highly sensitive and selective
DNA detection is essential. [deal DNA/RNA biosensors should possess high selectivity
(i.e. the ability to distinguish single nucleotide polymorphism) and sensitivity (i.e. low
detection limit), as well as simplicity in terms of sample preparation and method of
operation. The follow sections will discuss the various methods conventionally used for

DNA detection that do not involve nanoparticles and their advantages and limitations.

1.3.1 Radioactive Decay Method

Early DNA detection methods were heavily radioactive based using the decay of **P
(half life: 14.3 days) isotope of phosphorus to expose x-ray film. The limitations of this
method are exposure time can take up to 24 hours or more, and it has to be performed at
-70°C. A modified method called Southern Blotting invented by Edwin Southern in 1975
which combines agarose gel electrophoresis for size separation of DNA with methods to
transfer the size-separated DNA to a filter membrane for radioactive probe
hybridization.” In this method, target DNA is bound to radioactive probes, and then this
band will be exposed on x-ray film. The limitation of this method is that it requires a
large amount of DNA. The major disadvantage of radioactive methods in general is the

need to work with radioactive materials.



1.3.2 Polymerase Chain Reaction (PCR)

Invented by Kary Mullis in 1983 and was subsequently awarded the Nobel Prize
for Chemistry in 1993 for the invention of this method. It revolutionized DNA/RNA
detection, specifically targets and amplifies a single sequence.® This method mimics
DNA replication in cells, need a DNA template, primers, polymerase and nucleotides.
This method involves several steps: 1. denaturation (95°C) of DNA duplex, 2. anneal
(55°C), 3. synthesis (72°C), 4. repeat cycle 20-40x. It has the ability to detect RNA via
reverse-transcription PCR by forming complementary DNA (cDNA) via reverse
transcription step prior to PCR of cDNA. It can amplify target DNA strand exponentially,
and the products of PCR can be analyzed/purified by gel electrophoresis. The main
disadvantage of this method includes the lack of 3°’—5proof-reading activity of Taq
DNA polymerase used in PCR that is commonly present in other polymerases. Where
Taq mis-incorporates 1 base in 104, therefore, in a 400 base pair (bp) target will contain
an error in 33% of molecules after 20 cycles. In addition, the error distribution will be

random.

1.3.3 Real-Time Polymerase Chain Reaction (RT-PCR)

A modified and more modern version of the PCR method is real-time PCR (RT-
PCR), which utilizes the incorporation of fluorescent dyes in the replication process.” RT-
PCR allows for detection of PCR amplification during the early phases of the reaction by
monitoring the fluorescence emitted during each PCR cycle in real time as opposed to

endpoint detection. There are basically two general methods used in RT-PCR, dye
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incorporation and probes which include techniques such as Molecular Beacon®,

Tagman® and Scopion®.

1.3.3.1 Dye Incorporation Method: SYBR® Green I

In the denaturation step, unbound SYBR® Green I dye exhibits little
fluorescence, as shown in the annealing step, the SYBR® dye binds to minor groove of
double stranded (dsDNA), and fluorescent intensity increases upon binding. Then in the
polymerization step, more and more dye molecules bind to the newly synthesized DNA,
and the increase in fluorescence can be monitored in real-time. In the next cycle, the
denaturation step where the dye molecules are released and the fluorescence signal
returns to background. This method has the advantage of being relatively cheap and does
not require probe design; however, this method suffers from non-specificity in the dye

incorporation that can lead to false positives.

1.3.3.2 Molecular Beacons

The core principle of this method is that the probe is designed to be
complementary to a sequence in the middle of the expected amplicon. In the denaturation
step, the molecular beacons assume a random coil configuration and fluoresce. In the
annealing step, the stem hybrids form rapidly thus preventing fluorescence. However, in
the presence of target, the molecular beacons also bind to the amplicons and generate
fluorescence. In the polymerization step, molecular beacons dissociate from their targets,
and fluorescence is again quenched. A new hybridization takes place in annealing step of

every cycle, and intensity of the resulting fluorescence indicates the amount of
11



accumulated amplicon at the end of the previous cycle. The advantages of this method
include great specificity, reversible fluorescence that ultimately translates to lower
background noises. The main limitation is some non-specific interactions between

hairpins can lead to false positives.

1.3.3.3 TagMan®

In the denaturation step, sequence-specific probe connects fluorophore and
quencher. The proximity of the two dyes quenches the signal from the fluorescent dye at
the 5’- end of probe. In the annealing step, the probe binds to amplicon. Then in the
polymerization step, the probe displaced and hydrolyzed by Taq polymerase. The
fluorescent dye is released from its proximity to the quencher, and fluorescence is
detected. The signal for this method is directly proportional to the number of molecules
present. This method has the advantage of specificity, and different colors can be used in
multiplex assays. However, this method has the limitation of possessing some

background noise due to irreversibility of the reaction.

1.3.3.4 Scorpion®

This method combines fluorescent probe and primer, where the probe is quenched
by quencher. PCR blocker prevents unwanted polymerization. The advantages of this
method include high specificity and faster cycling. The disadvantage of this method is the

design of the probe/primer is complex and expensive.
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1.3.3.5 General Disadvantages of RT-PCR

RT-PCR also suffers from the limitation of PCR which includes lacks the
3’—5’proof-reading activity Taqg DNA polymerase as mentioned for PCR In addition, the
disadvantages mentioned for each RT-PCR method discussed in the above sections can
be generalized as followed: the disadvantage for dye incorporation is non-specificity and
for probe RT-PCR is that the probes are difficult to design and can be expensive., there

are a couple general limitations that RT-PCR suffers from.

1.3.4 DNA Microarray

DNA microarray, also known as DNA chip, biochips, gene chips, gene array,
genome chips or genome arrays, it is an array of DNA sequences on solid support (chip),
where each chip contains thousands of genes (probes). In standard microarrays, the
probes are synthesized and then attached to a solid surface by a covalent bond to a
chemical matrix (e.g. epoxy-silane, amino-silane, lysine, polyacrylamide or others). The
solid surface can be glass or a silicon chip. DNA arrays are different from other types of
microarray only in that they either measure DNA or use DNA as part of its detection
system. The advantages of the DNA microarray detection method include its cost
effectiveness and high throughput. Disadvantages include incomplete coverage which can

lead to false positives and also the lack of sensitivity compared to PCR

1.3.5 Portable DNA/RNA Detection Technologies
There are several commercially available DNA/RNA detection technologies that

provides quick and on the spot analysis without the need of analysis in a laboratory
13



setting. One of the more outstanding performing ones include the LightCycler® 2.0 by
Roche that uses dye incorporation and hybridization probe methods.'’ The other is Idaho
Tech Ruggedized Advanced Pathogen Identification Device (R.A.P.I.D.), a portable real-
time PCR system designed to identify biological agents, used in military field hospitals,

first responders and other rough environments.''

1.4 Gene Therapy

One of the long-term goals of this dissertation research project is to develop a
non-viral delivery system using DNA block copolymer self-assembled nanostructures, for
the efficient and effective transportation and release of therapeutic nucleic acids such as
DNA and siRNA. Effective gene delivery techniques can provide a new route to combat
genetic diseases when conventional medical treatments fall short. Ideal gene delivery
carriers should possess great stability in terms of the structural integrity and the integrity
of the payload, high processability, low toxicity and biocompatibility, efficient uptake by
cells, capability to bypass or escape endocytosis pathways and efficient release of the
DNA payload for intended purposes.

In this section, a basic principle of gene therapy is presented. An overview in
delivery methods and the types of therapeutic nucleic acids is discussed to provide better
understanding on how the process can be better regulated with therapeutic nucleic acids

when the organism’s internal regulation mechanism fails.
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1.4.1 Brief Background

The definition of gene therapy is to transfer (or transfection) of genetic
information to specific cells to direct the synthesis of a specific protein, with the agenda
to cure diseases caused by the mutation or to prevent diseases caused by pathogens
(producing antigens).'” The goal of gene therapy is to fix diseases that are caused by
genetic mutations at the root of the problem, thus, either delivering the correct gene or
stopping the incorrect gene from being translated into proteins. In gene therapy, the
genetic materials being delivered into the targeted cells can be long DNA sequences that
contain genes up to thousands of base pairs, or short oligonucleotides around 25 base
pairs. The delivery of short oligo-DNA has the benefit of stopping the expression of
proteins post transcription, at the mRNA stage. The mechanism of mRNA degradation,
unlike the RISC complex in the case of siRNA, is through the enzymatic degradation by

RNAseH.

1.4.2 Therapeutic Nucleic Acid Agents

Depending on the goal of the therapy, different types of nucleic acid has been
considered for therapeutic purposes in gene therapy. These different types of therapeutic
nucleic acids can range from polynueclic acids thousands of base pairs in length to as few
as 25 basepairs. The structure of the nucleic acid can also be modified, that is the
phosphate backbone and ribose ring can be replaced into to avoid issues such as charger
repulusion and ezymne degradation in the original DNA and RNA structure. These

artifical nucleic acids are often used to prolong the circulation of the therapeutic nucleic
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acids since naturally occuring nucleic acid degrading ezynmes can not degrade the

modified backbones.

1.4.2.1 Long Nucleic Acid: Plasmids, Genes

Long nucleic acids such as plasmids and genes have been used to replace mutated
genes. Generally viral carriers and cationic lipids are used to carry these long nucleic
acids into the cell. These carriers usually have nuclear targeting moieties since the
nucleus is the final destination of the therapeutic nucleic acids, where they integrate into

the host genome. Some successful examples have been reported [ref].

1.4.2.2 Short Nucleic Acid: siRNA, Antisensing Oligonucleotides

The discovery of short interference RNA (siRNA) in post transcriptional gene
silencing by David Baulcombe's group at the Sainsbury Laboratory in Norwich, England
in plants'® and in mammals by Thomas Tuschl and colleagues'*, where both showed short
double strands of antisense RNA can be used to down regulation the expression of a
targeted protein created an immensely booming field of siRNA delivery for biomedical
applications. Since then, it has been discovered that short strands of antisense DNA can
also be used which regulations the translation of mRNA via RNaseH mechanism.

(Chapter 5).
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1.4.2.3 Short Modified Nucleic Acid: Peptide Nucleic Acid (PNA), Phosphotioate
DNA, Morpholinio DNA, Lock DNA
Different DNA derivatives have been developed for delivery applications that
would overcome the degradation challenges of regular DNA. The structure of these
derivative nucleic acids can deviate from the original structure by replacing one
substituent on either the pentose or phosphate groups, to the case of peptide nucleic acid
(PNA) and morpholino DNA replacing the entire phosphate-pentose backbone that

regular DNA possesses.

1.4.3 Endocytotic Mechanism

There are generally four steps involved in the delivery of short oligo-DNA and
they are 1) adsorption on the cell membrane, 2) uptake by endocytosis, 3) escape from
endosomes and 4) intracellular release. For the delivery of longer DNA such as the case
of a gene, there are two additional steps such as 5) nuclear targeting and 6) nuclear entry
and gene expression.”” In both cases, the efficiency of the tranfection dependent on both
the efficiency of DNA delivery, that is the fraction of DNA molecules getting into
nucleus) and efficiency of DNA expression, that is the fraction of nuclear DNA

molecules that undergo transcription.

1.4.4 Major Challenges
There are several major challenges in gene therapy for the delivery of DNA: 1)

by-passing the lipid bilayer plasma membrane, 2) degradation of DNA payload by DNA
17



degrading enzymes (DNAse) inside and outside of the cell, 3) release of DNA payload
from endosmes once inside the cell, and 4) functional DNA payload after release. For
delivery of a gene, there are additional challenges where 5) nuclear targeting and 6)

integrate DNA into genome and express normally.

1.4.5 Gene Delivery Methods

The following subsections present the various methods used for the delivery of
genetic materials into cells. Some of these methods utilize mechanical or electrical
energy to by-pass the plasma membrane without the need for cellular uptake through
endocytosis, such as in the case of microinjection, electroporation and gene gun. While
other methods involve cellular uptake in order to cross the plasma membrane such as the

use of viruses, recombinant proteins and liposomes.

1.4.5.1 Microinjection

The basic principle of this technique involves the direct injection of naked
plasmid DNA into a cell. This method has the advantage of being highly efficient;
however, this method can only inject one cell at a time, thus not applicable for research

with a large number of cells or in vivo DNA delivery.

1.4.5.2 Electroporation
This method does not require endocytosis by the use of low voltage electric pulses
to transiently cause proration in cell membrane, through which DNA can pass and

directly enter into the cytoplasm. When the pores close again, DNA is trapped inside the
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cell. The advantages of this method is that it is easy to perform and efficient. However,
the eclectic pulses can cause high cell mortality due to electrocution. The condition used
needs to be optimization for every cell line, and a high concentration of DNA is required.

In addition, the efficiency varies greatly with cell type.

1.4.5.3 Gene Gun

The use of gene guns to delivery DNA has been commonly used to genetically
modified plants. This “biolistic” particle delivery method relies on the shooting of DNA-
functionalized gold (or tungsten) nanoparticles that are accelerated at high velocity into
target tissues or cells. The advantages of the gene gun method allows DNA to penetrate
directly through cell membranes into cytoplasm or even nucleus, thus bypassing
endosomes and avoiding enzymatic degradation of the payload DNA. However, this
method is limited by the shallow penetration into the tissue. The depth of penetration
using gene gun into skeletal muscle of mouse did not exceed 0.5 mm, and the transfection
efficiency is only 10-20% in skin epidermal cells and 1-5% in muscle cells. Furthermore,

in vivo gene-gun application only result in short-term and low level gene expression.

1.4.5.4 Viruses

The basic principle of this method utilizes genetically engineered, tissue-specific
virus carrying a payload of DNA to deliver to host cells. This method was first
demonstrated on Salmonella in 1952. The use of viral carriers is the oldest method and
most efficient for gene transfer due to the evolutionary, and the ability to integrate its

own genetic information into the host cell’s genome. The main advantage of viral carriers
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is their innate abilities in crossing the plasma membrane and integrating the genetic
material they carry into the genome of the host cells. However, host cells have also
evolved to defend against these advantages of viruses, such as serious risk of

immunogenicity, inflammation, and carcinogenicity.

1.4.5.5 Recombinant Proteins

Recombinant proteins are proteins produced from recombinant DNA, which are
synthetic DNA composed of DNA segments from different sources recombinded together
by recombinant technology. Trans-activating transcriptional activator (TAT) proteins are
a special type of DNA carrier which contain a nuclear localization sequence; they are
capable of penetrating a cell membrane and especially overcome nuclear-membrane
barrier to deliver genetic material. Such proteins may include polylysine segments,
protamine, or histones to bind DNA and to form stable complexes which help protect
DNA and to form stable complexes, to help protect DNA from intracellular degradation.
The advantage of this method is that the material used is highly biocompatible, however,

the downside is the material can be expensive.

1.4.5.6 Cationic Lipids and Polymers

The use of cationic species for the delivery of DNA is one of the most common
non-viral methods used in cell biology. This method involves the use of electrostatic
attraction between negatively charged nucleic acid and cationic carriers, such as cationic
polyelectrolytes (e.g. polylysine), block-copolymer with cationic block or

liposomes/micelles from cationic surfactants. The complexes of the cationic carriers and
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DNA are then uptake by the cell. The advantage of this method is the easy preparation,
and wide availability of commercial cationic lipids. However, this method has limited
efficiency. In addition, the major downside with this method is the cytotoxicity of the
cationic polymers and lipids, due to the electrostatic interaction between the cationic
species and the negatively charged plasma membrane. The cationic species can integrate
and disturb the packing of the phospholipids of the plasma membrane and can even

disrupt the bi-layer plasma membrane.

1.4.6 Bio-hybrid Nanoparticle Carriers

To overcome the limitations of conventional gene delivery methods, tremendous
interest has been aimed at the development of non-viral bio-hybrid inorganic nanoparticle
carriers. The premises for the interest are based on the fact that cells take up
nanoparticles, and that the chemistry of inorganic nanoparticles is highly advanced.
Inorganic nanoparticles such as nobel metal nanoparticles such as gold, silver and
platinum, and non-metallic nanoparticles such as iron oxides (FexOy), carbon nanotube,
double hydroxides/clays, silica, calcium phosphate and quantum dots. The advantages of
these classes of materials involve the ease of preparation and functionalization and ability
for size control. Furthermore, nanoparticles have intrinsic properties, such as optical,

magnetic and fluorescent.

1.4.7 Viral Carriers versus Non-viral Carriers
Conventionally, gene therapy is mainly done with viral carriers by hijacking the

genetic material inside viruses and replaces them with the therapeutic genetic material.
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Since viruses have evolved with the capability of bypassing the plasma membrane of its
host. However, there are several disadvantages that are inherent in viral carriers, such as
the possibility of inducing immunogenicity and carcinogenicity from the host organism’s
innate immune response to viruses developed through evolution. For those reasons,
efforts have been invested to develop safer non-viral carriers. With thoughtful design and
engineering, non-viral carriers not only can overcome the safety issues that viral carriers
have, moreover, they can also have the advantages of being easy to process and

manufacture, better and easier quality control and thus commercially more appealing.

1.5 DNA-conjugated Nanomaterials for DNA Detection and Delivery2

Liposomes are the most widely used non-viral gene delivery agents. These
liposomes are commonly made up of positively charged phospholipids that are
commercially available such as Lipofectamine. One drawback with these cationic carriers
is cytotoxicity at high concentrations, speculated to be due to the integration of the
cationic lipids into the cell membrane bilayer, thus disrupting the integrity of the cell
membrane. For that reason, other classes of material are being actively explored as
alternative to the cationic species. One class of nanomaterial that showed tremendous
promise is gold metal nanoparticles conjugated with synthetic alkyl-thiol oligonucleotide

developed by Chad Mirkin’s group from Northwestern University.

? Reprinted with permission from Chen, X.-J.; Sanchez-Gaytan, B. L.; Qian, Z.; Park, S.-
J.: Noble metal nanoparticles in DNA detection and delivery. Wiley Interdisciplinary
Reviews: Nanomedicine and Nanobiotechnology. 2012;4(3):273-290..Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA
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DNA-conjugated metal nanoparticles have attracted enormous attention for
biological and medical applications, owing to their unusual DNA melting characteristics
as well as unique optical and catalytic properties. The combination of these unique
properties has not only led to the development of DNA detection technologies with
remarkably high selectivity and sensitivity, but also to the development of gene
therapeutic agents with high efficacy and efficiency. In this section, a brief history that
led up to the development of DNA-conjugated nanoparticles is presented, followed by a
more in-depth discussion from the synthesis to the applications of these DNA-conjugated

nanoparticles.

1.5.1 Brief History

The field of nanomaterials and nanotechnology has been gaining tremendous
momentum since the early 1990’s. Nanometer-sized noble metal particles exhibit
fascinating optical, catalytic, and magnetic properties that are distinct from their bulk

16-20
counterparts.

The unique size- and shape-dependent properties of metal nanoparticles
have impacted many different areas of modern science and technology, especially in the
biological and medical fields.'** Gold and silver nanoparticles decorated with proteins
have long been used in immunocytochemistry for the past few decades as electron

. 25,26
microscopy markers.”

However, it was not until the mid 1990s that researchers began
actively exploring the unique nanometer scale phenomena of metal particles for various

biological and medical applications. Research in this area was greatly facilitated in the

last decade by the remarkable advances made in the synthesis and characterization of
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nanomaterials. These research efforts resulted in a number of highly sensitive and
selective biological detection technologies, particularly for nucleic acid targets.

The size range of nanomaterials falls in the range of proteins and DNA. Bio-
conjugated nanoparticles have received tremendous interest in the past decade due to
their potential in a wide range of biomedical applications. Of the different types of
bio/inorganic hybrid nanomaterials, DNA-conjugated nanoparticles and their biological
and medical applications has been one of the more extensively studied examples. Which
gave rise to outstanding performance in numerous applications such as biosensing®’,

medical imaging®®, drug delivery®® and gene regulation®”.

1.5.2 Metal Nanoparticles: Synthesis and Properties

Many of the interesting properties of metal nanoparticles, which gave rise to their
vast applications in biology and medicine, are highly dependent on the size and shape of
the nanoparticles as well as their compositions. For example, gold and silver
nanoparticles are brilliantly colored due to their strong surface plasmon resonance (SPR)
absorption.'” *' As presented in Figure 1-3, the position and intensity of the SPR bands
can drastically change by varying the shape of the nanoparticles (Figure 1-3). In general,
solid isotropic metal nanoparticles show SPR bands in the visible region, whereas the
SPR band of anisotropic and hollow particles can be tuned to the near infrared (NIR)

17, 31

region. Note that anisotropic particles with SPR bands in the NIR region are of great

interest for in vivo applications because NIR light has greater penetration depths in

tissues. Thus, synthetic methods for size- and shape-controlled nanoparticles have been

32-36

actively sought after in the past two decades. Table 1-1 summarizes standard
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synthetic methods, common sizes, and unique physical properties of several
representative metal nanoparticles of different shapes. For more information about the
synthesis and properties of metal nanoparticles, readers are encouraged to read review

. . 33,3740
articles focused on these topics.>> >’
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Figure 1-3. (A) A transmission electron microscope (TEM) image, an extinction
spectrum, and a picture of 13 nm gold nanosphere solution. (B) TEM images of silica
particles coated with different amounts of gold for the formation of a gold nanoshell.
Extinction spectra of nanoshells with different core to shell ratios show that the SPR band
of nanoshells red-shifts with decreasing shell thicknesses. (C) A TEM image and
extinction spectra of gold nanorods. Extinction spectra of nanorods with different aspect
ratios show that the longitudinal SPR band of nanorods red-shifts with increasing aspect
ratios. (D) A TEM image and an extinction spectrum of gold nanostars. (E) TEM images
of spiky gold nanoshells with spherical and rod cores and an extinction spectrum of spiky
gold nanoshells made with spherical cores. (F) A TEM image of gold nanoprisms and
extinction spectra of nanoprisms with different edge lengths. (G) TEM images and
extinction spectra of silver nanocubes and gold nanocages. (H) Scanning electron
microscope (left) and optical microscope (right) images of a multicomponent nanowire.
(D) Three different sized small gold clusters with UV (Au5), blue (Au8) and green (Aul3)
emission under UV irradiation and their corresponding excitation (dotted) and emission
(solid) spectra. (B: reprinted with permission from ref [41] with kind permission from
from Springer Science + Business Media; C: reprinted with permission from ref [42]
Copyright Wiley-VCH Verlag GmbH & Co. KGaA; D: reprinted with permission from
ref [43]. Copyright 2006 American Chemical Society; F: reprinted with permission from
ref [44]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.; G: reprinted with
permission from ref [45]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.; H:
reprinted with permission from ref [46]. Copyright 2004 by the American Physical
Society; I: adapted from ref [47], reprinted with permission from AAAS.) Figure reprint
with permission from ref [48].Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1-1. Syntheses and Characteristics of Representative Metal Nanoparticles

Metal Shape
Au, Ag  Sphere
Au Sphere
Au, Ag Shells
A shai

Au, Ag Rod/Wire

Au, Ag, .
Pt, Pd, Ni, (b:rvcl;fie)
Co, Cu
Triangle
Au Plate
Triangle
Ag Plate
Triangle
Ag Plate
Star,
Au branched
Star,
Au branched
Au, Ag Cube
Au Cage

Size

10 — 150 nm

1.5-15nm

Core:

50 — 500 nm
Shell Thickness:

5-30nm
Diameter:

60 nm— 1 pm

Aspect ratio:
Au: 1.5-350

Ag:3-20

Length:
~45pum
Width:
~400 nm

Edge length:
~90 nm to ~220

nm

Edge length:
50 to 200 nm
Thickness: ~30nm

Edge length:

~100 nm

Thickness: ~15.5

nm

100 nm

40 nm

Edge length:
Au ~3 nm and ~85
nm; Ag ~20to 115

nm

Edge length:

>20 nm

Synthesis Stabilizing
Method Agent
Turkevich/ Citrate
Frens
Brust*/ .
Modified Brust Alkanethiols
Templated -
Templated CTAB
Seed growth
method CTAB
Electrochemical B
deposition
Modified seed
growth method CTAB
Solvent
reduction/polyol
method PVP
Photoinduced BSPP and
citrate
Seed growth
method CTAB
Seed growth
method PVP
Solvent Au: DDT,
reduction/ HDD
polyol method Ag: PVP
Galvanic
replacement of
Agin Ag cubes PVP
in HAuCl,

28

Distinctive

i —— Reference

Surface Plasmon
Band: ~520 — 580 nm
(Au)
~390 — 430 nm (Ag)

[49-51]

Surface Plasmon
Band: ~520 nm [52-55]
Tunable Surface
Plasmon Band:

700 nm — 2.2 pm

[56, 57]

Surface Plasmon
Band: ~800 nm
Tunable longitudinal
SPR band from
visible to IR region:
650 nm — > lpm
Different metallic
segments provide
multiplexing
capability
Tunable surface
plasmon to near-IR
region: ~700 nm — 1
uM

[58]

[42, 59-61]

[44, 62]

Surface Plasmon
Band: ~600 —
~700 nm

[63, 64]

Surface Plasmon

Band: ~700 nm [64]

Surface Plasmon
Band ~800 nm
Surface Plasmon
Band ~750 nm
Tunable surface
plasmon to near-IR
region
~400 — ~700 nm
Tunable surface
plasmon to near-IR
region:
~400 — ~900 nm

[43]

[65]

[66, 67]

[45]



Au, Ag  Cluster

Ag Cluster

Tunable

Dendrimer .

stabilized/ photoluminescence:

<2nm Dendrimer ~330 —~860 nm (Au) [68, 69]
NaBH4
reduction 533 nm — 648 nm
(Ag)
DNA templated/ Tunable

<2nm NaBH, DNA photoluminescence: [70]

reduction ~475 to ~725 nm

CTAB: cetyltrimethylammonium bromide; TDAB: tetradecylammonium bromide; BDAC:
benzyldimethylhexadecylammonium chloride; BSPP: bis(p-sulfonatophenyl) phenylphosphine dihydrate
dipotassium salt ; PVP: poly(vinylpyrrolidone); DDT: 1-dodecanethiol; HDD: 1,2-hexadecanediol.

* Nanoparticles synthesized using the Brust method are organic phased and can be transferred to aqueous
solutions by various methods.
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1.5.3 DNA Conjugation Methods

Among many reported DNA conjugation methods,”" "

the procedure developed
by Mirkin and coworkers has been widely used for biomedical applications because of
the ease of preparation, high stability, and high DNA density on particle surface (Figure
1-4A).” In this procedure, thiol-modified oligonucleotides were first incubated with
citrate stabilized gold nanoparticles, followed by the slow addition of salts to screen the
charge repulsions in the DNA backbone. This method yields gold nanoparticles densely
functionalized with oligonucleotides (approximately ~70 strands/15 nm particles).” Due
to the high DNA density, these DNA-conjugated gold nanoparticles are stable in salt
solutions and are resistant to nonspecific agglomerations, which is an important
requirement for their applications in DNA detection and delivery.  Moreover,
nanoparticles heavily functionalized with thiol-modified oligonucleotides exhibit unusual
DNA melting characteristics, such as sharp melting transitions (Figure 1-4B) and high
binding constants.”” 7 These properties, which are shown to be associated with closely

18 77 are responsible for the high

spaced DNA strands on the nanoparticle surface,
selectivity and sensitivity of DNA detection methods based on DNA-conjugated gold
nanoparticles (see below). Note that it is the combination of the high DNA density and
the useful optical and catalytic properties of metal particles that make DNA-conjugated

metal nanoparticles extremely useful for DNA detection and delivery applications.
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1.5.4 Polyvalence Effect

As mentioned above, the unique properties of DNA-conjugated gold nanoparticles
lies in their polyvalency, or in other words a dense layer of DNA decorated on the surface
of the nanoparticles. This polyvalence effect is ubiquitous in Nature where many
biological systems use this for their associations such as in the case of viruses.
Cooperative interactions between interacting systems are highly selective (i.e. high
recognition ability). Forces behind cooperative interactions are mainly weak non-covalent
interactions, hence reversible. The structures of interacting biological systems optimize

the amount of weak non-covalent interactions

1.5.5 In Vitro DNA Detection
This section covers representative in vitro DNA detection techniques using metal
nanoparticles including some recent new developments and improvements. DNA-
conjugated metal nanoparticles have also been utilized in detection of small molecules’™
79 . 80 . T8 81 - . :
, lons™, proteins’~ and cancer cells.” However, in order to provide a tighter focus on

the topic at hand, we will only review recent advances in DNA detection. These methods

are also summarized in Table 1-2.
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Figure 1-4. Preparation of nanoparticles densely functionalized with DNA. (A) A widely
used conjugation method using citrate-stabilized gold nanoparticles and thiol-modified
DNA. (B) DNA dissociation curves of DNA-modified nanoparticles and unlabeled
DNA, showing that the nanoparticle probes exhibit unusually sharp melting transitions.
(C) A DNA functionalization method based on the self-assembly of DNA block-
copolymers and nanoparticles. This method can be used to coat different types of
nanoparticles with a dense layer of DNA. Figure reprint with permission from ref

[48].Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1-2. DNA Detection Methods Using Gold Nanoparticles

Detection Particle

Format Type
Distance- . .
Colorimetric 13 nm Au dependent Slmple? hlgh
spheres selectivity
SPR
. . 13 nm Au Salt-induced Label-free,
Colorimetric .
spheres aggregation fast
. 13nmAu . Simp le.’ hlgh
Scanometric Catalytic selectivity/
spheres .
sensitivity
Catalytic
Electrical 13 nm Au and Portable
spheres ..
conductivity
Bio-Barcode 13 nm Au Barcodes Ultrghlgh
spheres sensitivity
Gold .
SPRS film/13 nm Surface .Su1t.able fqr
Plasmon  kinetic studies
Au spheres
SERS 13 nm Au Raman Multlp}ex
spheres Detection

Property Attribute

Detection

Limit

~1nM

4.3 nM*

200 ftM

500 fM

500 zM

1.38 M

20fM

Selectivity

Single base
mismatch

single base
mismatch
single base
mismatch
single base
mismatch

Single base
mismatch

single base
mismatch

single base
mismatch

Target
Length
(base pair)

24 bp

24 bp

119 bp

27 bp

27 bp

39 bp

30 bp

Reference

[74]

[82]

[83]

[18]

[84]

[85]

[86]

* Concentration calculated based on the detection limit given in moles and volume indicated in reference.
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1.5.5.1 Colorimetric Method

In 1996, Mirkin and coworkers reported that macroscopic networks of gold
nanoparticles can be formed by the hybridization of complementary DNA strands
attached on gold particles (Figure 1-5A).*” This work was a landmark in the development
of a new generation of metal nanoparticle-based DNA detection methods, which have
been extensively studied since then. The so-called colorimetric method is based on the
distance-dependent optical properties of metallic nanoparticles. In the detection
method,® two sets of gold nanoparticles are functionalized with two different sequences
of thiol-modified DNA that are complementary to the target DNA. Thus, in the presence
of complementary target DNA, DNA-modified nanoparticles are connected into
macroscopic aggregates by duplex formation (Figure 1-5A), which results in the shift of
the characteristic surface plasmon band of gold nanoparticles from ~520 nm to ~570 nm,
turning the red color of colloidal gold to purple.® This color change provides a simple
and inexpensive route for DNA detection since it does not require sophisticated
equipment. In addition, owing to the unusually sharp melting transitions of DNA-
modified gold nanoparticles (Figure 1-4B),”® 7 the colorimetric method can accurately
detect single-base mismatches. In fact, the unique melting characteristics of DNA-
conjugated metal nanoparticles have led to the development of a number of detection
methods with exceptionally high selectivity (Table 1-2).*” The colorimetric method,
however, has a relatively low sensitivity with a detection limit of ~ 1 nM.*® Recently
Liu and coworkers showed that the sensitivity of the colorimetric method can be
increased to about 10 pM by employing a nicking endonuclease-assisted amplification

scheme,* shedding light on the development of sensitive colorimetric methods.
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Rothberg and Li recently reported a label-free colorimetric detection method that
does not require the pre-functionalization of nanoparticles (Figure 1-5B).* In their
method, single stranded DNA (ssDNA) or duplex DNA containing the target DNA
(dsDNA) was added to citrate-stabilized gold nanoparticles followed by the addition of a
salt solution. The ssDNA readily binds to the surface of citrate-stabilized nanoparticles
because DNA bases have high affinities to the gold surface, thereby stabilizing the
nanoparticles in salt solutions (Figure 1-5B, top).** On the other hand, dsDNA does not
bind to the gold surface as efficiently because DNA bases are buried in the helical
structure. Thus, the addition of salts to the duplex/nanoparticle mixture results in the
aggregation of nanoparticles (Figure 1-5B, bottom). Therefore a red to purple color
change upon salt addition indicates the presence of target DNA. The detection limit of
this label-free method was similar to that of the colorimetric method using DNA-
modified nanoparticles described in Figure 1-5A.

Plaxco and coworkers improved the sensitivity of the label-free colorimetric
approach by using polyelectrolytes in place of salts.”® In this work, ssDNA or dsDNA
was added to citrate stabilized gold nanoparticles followed by the addition of a cationic
conjugated polyelectrolyte. The addition of polyelectrolytes to the ssDNA/nanoparticle
mixture caused aggregation of ssDNA-decorated nanoparticles due to the interaction
between ssDNA and polyelectrolytes. On the other hand, the addition of polyelectrolytes
to the duplex/nanoparticle mixture did not induce nanoparticle aggregation because the

interaction of dsDNA with polyelectrolytes is weaker than that of ssDNA. This method,
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Figure 1-5. Colorimetric DNA detection methods using DNA-modified gold
nanoparticles (A) and unmodified gold nanoparticles (B, C). These methods depend on
the change in color (e.g. shift in the SPR band) upon nanoparticle aggregation or de-
aggregation. (A) The presence of target DNA strands that are complementary to the DNA
strands immobilized on gold nanoparticles results in the formation of nanoparticle
aggregates and red to purple color change. (B) A label-free colorimetric detection
method using citrate-stabilized gold nanoparticles. In the absence of target DNA, the
binding of ssDNA on citrate-stabilized gold nanoparticles stabilizes the particles in salt
solutions. When dsDNA containing target DNA was added, on the other hand,
nanoparticles aggregate in salt solutions, causing red to purple color change. (C) A label-
free colorimetric detection using PNA. Citrate-stabilized gold nanoparticles aggregate
upon the addition of PNA. Subsequent addition of complementary DNA targets
redisperses nanoparticles, causing a purple to red color change. (B: Pictures of the
nanoparticle solutions with ssDNA and dsDNA after the addition of salt are adapted from
ref [90]. Copyright 2004 National Academy of Sciences, U.S.A.) Figure reprint with
permission from ref [48].Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA
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however, has a rather low selectivity and can only differentiate completely
complementary DNA from DNA strands with 3 or more base mismatches.
Gold nanoparticles conjugated with peptide nucleic acid (PNA) were also used in
colorimetric detection, taking advantage of the more stable duplex formation between
PNA and DNA compared to DNA-DNA duplex formation.”’ Unlike DNA-modified
nanoparticles, PNA-modified gold nanoparticles agglomerate in aqueous solutions
because of the charge neutrality of PNA. The addition of complementary target DNA to
the aggregates of PNA-modified nanoparticles results in the redispersion of
nanoparticles, due to the binding of negatively charged DNA strands to neutral PNA-
modified nanoparticles. Thus, in this detection scheme, the presence of target DNA is
detected by the purple to red color change. Label-free colorimetric technique was also
demonstrated using PNA (Figure 1-5C).* ** In this approach, the addition of PNA to
citrate-stabilized gold nanoparticles induced the aggregation of nanoparticles as PNA
binds to the gold surface. The subsequent addition of complementary target DNA to the
solution induced the redispersion of nanoparticles and the characteristic purple to red
color change upon binding of negatively charged DNA to PNA-coated nanoparticles.
Detection by the purple to red color change (aggregation to dispersion) is advantageous
because nanoparticles have a general tendency to aggregate in complex detection media,
which can give false positive results for dispersion to aggregation detection methods.

In addition to spherical particles, anisotropic nanoparticles such as gold nanorods

d’*** and label-free detection methods,” taking

have also been utilized for both labele
advantage of the larger extinction coefficient of nanorods. However, the sensitivity was

not significantly improved by employing nanorods in these studies. The development of
37



more robust functionalization protocols for anisotropic particles might improve their

performance in DNA detection.

1.5.5.2 Scanometric Method

The scanometric method is a simple chip-based detection method that overcomes
the low sensitivity of colorimetric detection methods described above.”” It involves two
main steps: 1) the binding of DNA-modified gold nanoparticle to the capture DNA
strands immobilized on a glass surface through the hybridization of target DNA and 2)
subsequent signal amplification by the catalytic silver deposition on gold nanoparticles
(Figure 1-6A).”® The silver enhancement permits visualization of the hybridization event
with the naked eye or by a flatbed scanner. This detection system is now commercially
available (Nanospheres Inc.).**

The scanometric technique has high selectivity and can reliably detect single base
mismatches by using a procedure called stringency wash. The stringency wash is a
typical procedure used to improve the selectivity in DNA detection. It utilizes the
difference in melting temperatures of noncomplementary strands and completely
complementary strands. The temperature of the wash solution is adjusted so that a large
fraction of noncomplementary DNA strands are dehybridized off of the surface while a
large fraction of complementary DNA strands remain on the surface. Owing to the sharp
melting transition (Figure 1-4B) of nanoparticles densely functionalized with DNA,
detection methods utilizing the nanoparticle probes offers a significantly higher
selectivity ratio than molecular probes. However, the temperature of the wash solution

must be carefully controlled in order to obtain the ideal selectivity ratio. Recently, Liu
38



and coworkers showed that the washing step can be simplified by covalently coupling the
DNA strands on DNA—conjugated nanoparticles to the captured DNA strands on the
glass surface using sequence selective enzymatic DNA ligation.”

The sensitivity of the scanometric method is also very high; the latest paper on
scanometric method reported a sensitivity of 200 fM.* The high sensitivity of the
scanometric method was even further improved by combining the scanometric detection
platform with an amplification technique called the biobarcode assay.'” Using the
biobarcode assay, a detection limit of 500 zeptomolar has been achieved, which
essentially removes the need for polymerase chain reaction (PCR) in DNA detection.*
The biobarcode assay has been reviewed in other review papers along with the
scanometric method, and readers are encouraged to read those review articles for more
in-depth coverage on the topic.””'"!

A similar detection scheme has been applied to develop a DNA detection system
with simple electrical read-out (Figure 1-6B)."® In this method, a small gap between two
electrodes is functionalized with capture DNA strands. The detection procedure is almost
identical to the scanometric method except for the readout and chip fabrication steps. In
this method, target DNA strands bring gold nanoparticles to the electrode gap.
Subsequent catalytic deposition of silver closes the gap and allows electrical current to
flow between the electrodes. Therefore, an increase in the conductivity measured
between the two electrodes is indicative of the presence of target DNA, which provides a

simple readout system that can be readily implemented in portable devices.'®
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Figure 1-6. Schematic representations for the detection of DNA using the scanometric
(A) and electrical (B) methods. The two methods are similar in design with the major
difference in the read-out step, where the results of the scanometric method can be
detected by a scanner or the naked eye and the electrical method provides an electrical
signal. Figure reprint with permission from ref [48].Copyright 2012 Wiley-VCH Verlag
GmbH & Co. KGaA
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1.5.5.3 Surface Enhanced Raman Spectroscopy (SERS)

Metal nanoparticles have been shown to be extremely useful for several
spectroscopic techniques due to the strong electric fields generated on metal
nanoparticles upon illumination.'” The most impressive example is surface enhanced

Raman spectroscopy (SERS).'*

Raman spectroscopy is a useful analytical technique that
provides molecular fingerprints. However, its low sensitivity prevents it from becoming
an efficient sensing tool on its own. In SERS, the Raman signal is enhanced by many
orders of magnitude when analytes are attached to metallic nanostructures.'”” Since the
discovery of the phenomenon, it has been used to detect and study various chemical and
biological molecules including DNA.'™ Cao et al. have demonstrated that SERS can be
used for multiplexed DNA detection (Figure 1-7A). This method is based on the
scanometric detection system (Figure 1-6A). The only difference in the procedure is that
the gold nanoparticles used in the SERS-based detection are functionalized with
oligonucleotides containing Raman-active dyes as identification tags.*® Silver deposition
on the nanoparticles enhances the Raman signal of the dyes, providing the identification
of the DNA sequence for multiplexed detection.

Note that silver nanostructures offer much higher enhancement factors than gold

105, 106
nanostructures.

The enhancement factor also depends highly on the shape of
nanoparticles; because of the high electric field generated at the sharp tips of anisotropic
nanoparticles, nonspherical particles such as nanorods (Figure 1-3C), nanostars (Figure

1-3D), spiky nanoshells (Figure 1-3E) and nanotriangles (Figure 1-3F) are of great

interest for SERS applications. The enhancement factor further increases when analytes

41



are located at the junction between two particles. The enhancement factor for
nanoparticle aggregates can be high enough to even detect single molecules.'"’

The signal increase upon particle aggregation has been used in homogeneous
DNA detection (Figure 1-7B).'” The detection procedure is similar to that of
colorimetric detection (Figure 1-5A). In the homogeneous SERS based detection, silver
nanoparticles are functionalized with dye-labeled DNA. The addition of target DNA
strands causes the aggregation of nanoparticles, which is detected by an increase in the
SERS signal. An advantage of this SERS-based method over the colorimetric method
described above (Figure 1-5A) is that it can potentially offer a higher sensitivity, because
an increase in the SERS signal can be detected even from small clusters of nanoparticles
that do not induce the signature red-to-purple color change. The authors reported that
they achieved a detection limit of 20 fM. Again, this method takes advantage of the high
enhancement factor of analytes located at nanoparticle junctions. However, in the
detection scheme, the nanoparticle-nanoparticle distance is longer than ideal, thus only
small numbers of hot spots might be responsible for the increased SERS intensity. Nam
and coworkers have recently showed that the distance between DNA-linked metal
particles can be reduced by depositing silver shells around gold nanoparticles (Figure 1-
7C).'"%% ' The gap between the two particles was controlled by varying the amount of
silver deposition. Using this strategy, they were able to detect single Raman dyes located

at the small gap between two particles.
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Figure 1-7. (A) Schematic description of chip-based DNA detection using SERS. The

SERS signal from reporter dyes is increased by the catalytic silver deposition on

Different reporter dye molecules show different SERS spectra, providing
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this method the capability for multiplexing. (B) A homogeneous DNA detection method
based on SERS. SERS signal is increased in the presence of target DNA because Raman
enhancement factor is higher in nanoparticle aggregates than in isolated nanoparticles.
(C) Scheme and TEM image of a Au-Ag core-shell nanoparticle dimer prepared from
DNA-functionalized gold nanoparticles. (D) SERS spectra of Au-Ag core-shell dimers
with 3 nm (top) and 10 nm (bottom) thick Ag shell, showing that the dimer with a
narrower gap yields higher SERS signal. (E) A diagram for a DNA detection scheme
based on SPRS. (F) SPRS spectra showing that the binding of gold nanoparticles through
DNA hybridization results in a large shift in SPR positions. (C and D: adapted from ref
[109], reprinted with permission from AAAS; F: adapted with permission from ref [110].
Copyright 2000 American Chemical Society.) Figure reprint with permission from ref

[48].Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA
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1.5.5.4 Surface Plasmon Resonance Spectroscopy (SPRS)

Surface plasmon resonance spectroscopy (SPRS) is a well-established analytical
tool in life sciences, which measures the molecular adsorption and desorption on metal
films. The detection principle is based on the observation that the conditions for the SPR
excitation of metal films change sensitively to the refractive index of medium.'"" SPRS
is a particularly useful technique for kinetic studies as it can monitor binding events in
real time."'> '3

SPRS has been used to analyze many different types of biological molecules
including DNA.""*'"" However, the sensitivity of SPRS is not high enough to be used as
an ultra-sensitive DNA detection tool on its own. It has been shown that the detection
limit of SPRS can be drastically enhanced by using DNA-conjugated gold nanoparticles

as a signal enhancer (Figure 1-7E).''* ''®

This signal enhancement strategy takes
advantage of the high dielectric constant of gold nanoparticles and the electromagnetic
coupling between the metal surface and nanoparticles. In this approach, the gold film and
the nanoparticles are functionalized with DNA strands that are complementary to
different parts of the target DNA. Upon the addition of the target DNA and nanoparticle
probes to the DNA modified metal film, the target DNA brings the gold particles to the
metal surface, forming a sandwich-type structure (Figure 1-7E). A detection limit of 10
pM of target DNA was achieved using the sandwich geometry (Figure 1-7E, F).*® Yao

et al. reported a quantification limit of 1.38 fM of DNA when the metal surface was

coated with a layer of dextran to reduce non-specific binding of nanoparticles.®
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1.5.6 DNA Delivery Applications

Nanoparticles are attractive alternatives to conventional viral vectors in gene
delivery applications because of potentially lower adverse immune responses, ease of
production, more flexible manipulation in terms of size and shape as well as

119

methodologies for releasing DNA payloads.” ~ In this section, we present recent studies

on DNA-conjugated metal nanoparticles as a new generation of DNA carriers.

1.5.6.1 DNA-Conjugated Metal Nanoparticles as Gene Carriers
The use of metal nanoparticles to deliver oligonucleotides into cells was first
demonstrated through the use in gene guns. This method has been used in plants to insert

genetic materials into the genome of host cells.'*’

The main disadvantage of gene guns,
however, is the shallow penetration depth (~ 100 to 200 micrometers), therefore making
the delivery of genetic materials into deeper tissues impossible.

Recently, Mirkin and coworkers demonstrated that DNA-functionalized gold
nanoparticles are effective vectors for DNA delivery with a cellular uptake efficiency
higher than 99%.*° In the study, they used gold nanoparticles conjugated with antisense
DNA strands to inhibit the expression of enhanced green fluorescent protein (EGFP) in
C166-EGFP cells (Figure 1-8A).%° They found that C166-EGFP cells treated with the
antisensing gold nanoparticles showed a noticeable decrease in EGFP expression (Figure
1-8B, C), with a higher knock-down efficiency than commercial cationic transfecting
agents (Lipofectamine™). In addition, the immobilized oligonucleotides were shown to

be highly resistant to degradation by nucleases.”® Small interference RNA (RNAi) has

also been delivered using RNAi-functionalized gold nanoparticles.'!
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Another report by the same group used a similar design to create an intracellular
RNA detection system called “nano-flare”. The “nano-flare” probe shown in Figure 1-
16D is prepared by hybridizing shorter fluorescently labeled DNA strands to the longer

DNA strands attached to gold nanoparticles.'?

The technique uses the fluorescence
quenching capability of gold nanoparticles for the quantification of intracellular RNA
(Figure 1-8E). The binding of target RNA to the DNA-modified nanoparticles releases
the short fluorescently labeled DNA from nanoparticles, which results in the increased in
fluorescence intensity. The cellular uptake efficiency of the nano-flares was shown to be
extremely high (99%), and their signal-to-noise ratio is superior when compared with
conventional molecular beacons.'**

Leong and coworkers demonstrated that plasmid DNA can be delivered into cells
by using metal nanorods with cell-targeting proteins.'” 1In this work, Au-Ni multi-
segment nanorods were used to immobilize both GFP-encoding plasmid and targeting
proteins on the rods; DNA plasmids were immobilized on Ni segments and the cell-
targeting proteins were bound to Au segments. The bifunctional nanorods exhibited
increased gene expression by 22% compared to nanorods that are functionalized with
DNA plasmids alone, due to the targeting capability of the bifunctional nanorods.'*

It is interesting to note that the DNA-modified gold nanoparticles described above
(Figure 1-4A) show extremely high cellular uptake efficiencies without any targeting
agents. Although the exact origin is not fully understood, it is believed to be associated

124

with a high DNA density on the nanoparticle surface. = The low nuclease activity on

these nanoparticles was also shown to be associated with the high DNA density and the

124

high local salt concentration.©* These observations demonstrate that the performance of
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nanoparticles in DNA delivery applications can depend highly on the exact make-up of
nanoparticles (e.g. DNA density, size and shape of nanoparticles), thus it is important to

fully characterize them for their successful implementation in gene delivery.

1.5.6.2 Release of DNA Payload
The strong light absorption and the high heat capacity of metal nanoparticles have

been used to control the local temperature surrounding nanoparticles and to release DNA

125,126 127

loads in DNA delivery applications. Hollow metal particles (e.g., gold nanoshells
and nanocages®, Figure 1-3B, G) and non-spherical particles such as gold nanorods
(Figure 1-3C),"** whose SPR band is located in the NIR region, are particularly useful
for this application because the NIR light has deeper penetration depths in tissues. Halas
and coworkers demonstrated that DNA strands that are hybridized to the DNA
immobilized on nanoshells can be dehybridized and released from nanoshells by

128,127 .
*“" Yamashita

increasing the local temperature through NIR irradiation (Figure 1-9A).
et al. have recently reported the release of hybridized DNA strands from DNA-
conjugated Au nanorods in mice using NIR irradiation, demonstrating that an irradiation-
based release method is feasible in animal models."*’ It has also been shown that DNA
directly adsorbed on nanorod surfaces can be released by NIR irradiation with a pulsed

130,131, 132
laser.””™" 7"

For example, Wu et al. attached EGFP-encoding plasmid DNA to gold
nanorods, and delivered them to cultured HeLa cells.’** When irradiated with 800 nm

light, EGFP plasmid DNA was released from the nanorods, which was accompanied by

the shape transformation of gold nanorods to nanospheres (Figure 1-9B). No GFP

48



expression was observed when cells were not irradiated. Recently, Hamad-Schifferli et
al. were able to selectively release two different oligonucleotides using two sets of gold

nanorods with different aspect ratios (i.e. short nanorods and longer nano-dogbones). It
was achieved by the selective excitation of gold nanorods through irradiation at their
longitudinal SPR peaks (800 nm for the short nanorods or 1100 nm for the nano-

134

dogbones). ™ They found that the released DNA strands were not damaged by this

process and can still hybridize to the complementary DNA.

Radio-frequency (RF) has also been used to control the hybridization of DNA attached to

135

gold nanoparticles (Figure 1-9C). The application of a RF field resulted in an

increased local temperature due to the high heat capacity of gold, which was enough to

135

induce the dehybridization of DNA duplexes. > This was also demonstrated using

magnetic nanoparticles.'*
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Figure 1-8. (A-C) Gene delivery and regulation using DNA functionalized gold
nanospheres. In this method, antisense DNA strands that inhibit the expression of EGFP
were first immobilized on gold probes. Cy5-modified reporter DNA strands, which were
used to monitor the cellular uptake, were hybridized to the antisense DNA and then the
nanoparticle probes were incubated with C166-EGFP cells. Confocal fluorescence

microscopy images of C166-EGFP cells before and after the treatment with the
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nanoparticle probes are shown in (B) and (C), respectively. (upper left: Cy5 emission,
upper right: EGFP emission, lower left: transmission image, lower right: overlay of the
three channels). Results indicate that the reporter-antisense probes were effectively taken
up by cells (appearance of red fluorescence from Cy5 in C) and reduced the expression of
EGFP in the cells (reduced green fluorescence from EGFP in C). (D-E) Intracellular
RNA detection method based on DNA-modified nanoparticles called “nano-flares”. In
this work, Cy5-modified reporter DNA strands were hybridized to the Survivin antisense
DNA on nanoparticles in a way that Cy5 dyes were close to the gold surface. In that
geometry, fluorescence of Cy5 was completely quenched by gold. In the presence of
mRNA, the short Cy5 labeled reporter strands are dehybridized from the nano-flares and
therefore become fluorescent (left image in (E)). Shown in (E) are cells treated with
nano-flares (left: cells containing survivin, right: cells without survivin). Shown in (F) is
another control where cells are treated with non-Survivin antisense nano-flares (left: cells
containing survivin, right: cells without survivin); neither show any fluorescence from the
reporter. (B and C were adapted from ref [30], reprinted with permission from AAAS; E
and F were reprinted with permission from ref [122]. Copyright 2007 American
Chemical Society) Figure reprint with permission from ref [48].Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA
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1.3.5.3 Disadvantages as Carriers

As discussed in the previous sections, DNA-conjugated gold nanoparticles with
high DNA density functionalization have been extensively studied for various biological
and medical applications such as bio-imaging and sensing'®’, medical diagnostics>’, drug
delivery® and gene regulation.®® This system has shown great promises in DNA detection
owing to their unusual DNA melting characteristics (i.e. sharp melting transitions and
high binding constants) that originated from cooperative interactions of closely spaced
DNA strands on the nanoparticle surfaces, i.e. high DNA density on the surface of the

nanoparticles.'** '*°

Importantly, these unique properties have led to the development of
DNA detection technologies with exceptionally high selectivity and sensitivity.*’
Nevertheless, there are several disadvantages associated with DNA-conjugated
metal nanoparticles that are not easily overcome, such as the need to have modified DNA
for the delivery of drugs. It is also difficult to incorporated a different type of physical
property such as magnetic or fluorescence into the structure. While the benefit of
extending these properties onto other types of functional nanoparticles (e.g. magnetic

particles and quantum dots) is obvious, however, progress in these studies has been

hindered by the ability to obtain high density DNA on the surfaces of those nanoparticles.
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Figure 1-9. (A) Release of DNA strands hybridized to complementary DNA immobilized
on gold nanoshells by NIR irradiation. (B) Release of green fluorescent protein (GFP)
coding plasmid from Au nanorod through the shape transformation by pulsed laser
irradiation. (C) Experimental set-up and schematic description of RF-field induced DNA
dehybridization. Figure reprint with permission from ref [48].Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA
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1.6 Our Novel System: Multifunctional DNA Block Copolymer Assemblies
In many instances, the effectiveness of these DNA-conjugated gold nanoparticles
in the intended applications is attributed to the densely packed DNA layer on the

nanoparticle surface.”® " '

While in principle, any type of functional nanoparticle (e.g.
other noble metal nanoparticles, magnetic nanoparticles and semiconductor
nanoparticles) with a high DNA density on the surface can demonstrate the same
effectiveness shown by DNA-conjugated gold nanoparticles, nevertheless, progress in
this direction has been slow due to the difficulty in achieving high DNA density
functionalization for other types of nanoparticles. To this end, DNA-conjugated gold
nanoparticles are still the “gold standard” in terms of high DNA density functionalization
on nanoparticles.

To circumvent this challenge, a general method was developed to achieve high
DNA density on any type of nanoparticle using the self-assembling capability of DNA
diblock copolymers (Scheme 1-1). In this strategy, hydrophobic nanoparticles are
incorporated into amphiphilic DNA block copolymer micelles, resulting in
nanoparticle/polymer hybrid particles with high DNA density on their surfaces. These
unique nanostructures not only possess a high DNA density layer on the surface, but they
also acquire the functionalities of the encapsulated nanoparticles. In principle, this
synthetic strategy can be extended to virtually any type of nanoparticles, and thus can be
used to generate a wide range of multifunctional nanostructures with the extraordinary

DNA hybridization properties mentioned above. The advantages of these DNA block-

copolymer assemblies over DNA-functionalized nanoparticles include their flexibility in
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the design, i.e. sequence of DNA can be easily changed and the makeup of the polymer

can also be changed depending upon the intended application.

1.6.1 Background on DNA Block Copolymer

There are a handful of literature reports on the synthesis of DNA block
copolymer, in which short synthetic oligonucleotides are covalently attached to a polymer
strand. There are also reports of hybrids such as DNA/lipid and DNA/peptide, but we will
only consider systems that are closer to ours, that is single strands of short synthetic DNA
covalently attached to a single strand of synthetic organic polymer. DNA block
copolymer and their self-assembled structures have been previously reported, and the

140-142 Wwe are the first to report the

structures reported were mainly simple micelles
successful incorporation of nanoparticles into the hydrophobic polymer core to create

multifunctional DNA block copolymer assemblies.'**

1.6.2 Advantages Over DNA-conjugated Nanoparticles

Our approach to over come the disadvantages of gold conjugated nanoparticles is
to prepare nanostructures decorated with high DNA density using the self-assembly of
DNA block copolymer and nanoparticles to create multifunctional nanoparticles. The
advantages of this method over DNA-conjugated metallic nanoparticles are the
universality, multifunctionalities, easy to change components to materials that are
biodegradable. DNA block copolymers (DNA BCP) and their self-assemblies, and their

potential applications as gene and drug delivery vehicles.

55



This method has the additional advantages over direct functionalization methods
in that additional functionalities can be easily engineered into the organic polymer block,
and small molecules such as pharmaceutical drugs can be incorporated into the core of
the assemblies to create multifunctional bio-inorganic hybrid nanostructures, which can

be used for a variety of biomedical applications.
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Scheme 1-1. Self-assembly of DNA block copolymer with nanoparticles (A) and
delivery applications (B).
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Chapter 2. Multifunctional DNA Block Copolymer Nanostructures:

Synthesis and Self-Assembly’

2.1 Overview

This chapter presents detailed procedures on (1) the synthesis and characterization
of DNA di- and tri-block copolymers and (2) the self-assembly of the synthesize DNA
block copolymers and encapsulants (e.g. nanoparticles, homopolymers, small molecules,
etc). Two different routes are presented for the synthesis of DNA block copolymer, with

the major difference in the coupling step of the DNA with the organic polymer.

2.2 Background on DNA Block Copolymer Synthesis
The synthesis of amphiphilic DNA block copolymer has been previously reported

by several groups." ? The first example of DNA block copolymer synthesized using solid

3 Reprint in parts with permission from Chen, X.-J.; Sanchez-Gaytan, B. L.; Hayik, S. E.
N.; Fryd, M.; Wayland, B. B.; Park, S.-J.: Self-Assembled Hybrid Structures of DNA
Block-Copolymers and Nanoparticles with Enhanced DNA Binding Properties. Small.
2010;6(20):2256-2260..Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA
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state synthesis (Scheme 2-1) was reported by the Mirkin group from Northwestern for
the synthesis of DNA-b-PS,' followed by the Herrmann group from University of
Groningen (The Netherlands) with DNA-b-PPO.*> Other examples of DNA block
copolymer synthesized not using solid-state synthesis, that is the DNA and polymer are
coupled post DNA synthesis have been reported by a number of groups. The type of
chemistry used to covalently link the two blocks together include “click” chemistry such
as CuAAC and Michael’s Addition, carboiimide-N-hydroxylsuccinimide (EDC-NHS),
and dithiol reaction. (Scheme 2-2)

It has been shown that all these examples of amphiphilic DNA block copolymer
can self-assemble to form micelles in water." > It was reported for the case of DNA-b-PS
that these micellar self-assemblies of the DNA block copolymer have similar properties
as DNA functionalized gold particles in terms of sharp melting', thus eluting to a high

DNA density on micelle surfaces.

2.3 Solid-state Synthesis of DNA Block Copolymers

The following procedures describe the synthesis of one specific example of DNA
block copolymer, DNA-b-PS, having a fluorescein (FAM)-modified oligonucleotide with
sequence of 5’-FAM Ao ATC CTT ATC AAT ATT-3’ and polystyrene (PS, MW = 10.4
kg/mol) (DNA-FAM-b-PS). The polymer is attached at the 5° end of DNA. The DNA
block copolymer is prepared by solid-state synthesis by standard phosphoramidite

- 4,1
chemistry. =~

Briefly, hydroxyl-terminated PS was converted to phosphoramidite-
terminated PS, which was subsequently coupled to the 5° end of the oligonucleotides

synthesized on controlled pore glass (CPG) beads (Figure 2-1B). Unreacted polymers
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Scheme 2-1. Solid-state synthesis of DNA block copolymer.
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Scheme 2-2. Post-DNA cleaving synthesis of DNA block copolymer.
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were washed from the CPG beads, and the DNA block copolymers were deprotected and
cleaved from the solid support with concentrated ammonium hydroxide. Other types of
DNA block copolymers can be synthesized in a similar fashion using different hydroxyl-

terminated polymers.

2.3.1 Solid-state DNA Synthesis

A 10 umol scale synthesis of oligonucleotide strand 5’-Fluoracesein-Ag
ATCCTTATCAATATT-3" was carried out using standard solid state DNA synthesis.
Appropriate amounts of anhydrous acetonitrile, 18.77 mL, 10 mL , 8 mL and 1 mL, was
added to crimped vials containing dA-CE (1.0 g), dT-CE (0.5 g), dC-CE (0.5g) and 6-
fluorescein (100 umol ) phosphoramidites, respectively, and the vials were swirled gently
to make sure that the reagents were completely dissolved. A solid state synthesis column
for a 10 umol synthesis was prepared by weighing out 0.33 mg of dT-CE CPG beads
(1000A) and loaded into empty crimped style synthesis columns.

The CPG support column and the CE-phosphoramidite bottles were connected to
the appropriate dedicated spots on the DNA synthesizer. Enter the DNA sequence (5°-Ajo
ATC CTT ATC AAT ATT-3"), select 10 umol synthesis method, choose the option to
keep the trityl end group “on”, and start the synthesis. When the synthesis is complete,
the fluorescein dye (FAM) was added at the 5° end of the oligonucleotide by selecting the
10 umol synthesis method again, and entering DNA sequence of 5’XA3’, where X
denotes the position of the bottle containing the dye-phosphoramidite on the DNA

synthesizer. Select the option to keep the trityl end group “on”. The synthesis of a dye-
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modified DNA can be performed in one step instead of the two-steps described in the
procedure by programming in the sequence (5’-XAj9 ATC CTT ATC AAT ATT-3’),

where X denotes the position of the FAM phosphoramidite.

2.3.2 Synthesis of Phosphoramidite-Terminated Polymer

For the synthesis of phosphoramidite terminated-PS, 4.16 g (0.4 mmol) of
hydroxyl-terminated PS (Mn = 10.4 Kg/mol) was added to a 3-neck round bottom flask
equipped with a PTFE-coated magnetic stir bar, a Schlenk line adapter and two rubber
stoppers. The reaction flask containing the polymer was vacuumed and then purged with
argon three times. Under a gentle flow of argon, 15 mL of anhydrous dichloromethane
was added to the reaction flask with stirring to allow the polymer to dissolve completely.
0.378 mL (1.68 mmol) of chlorophosphoramidite and 0.290 mL (1.68 mmol) of
anhydrous diisopropylethylamine was added to the reaction flask. The solution was
allowed to stir for three hours under a blanket of argon. The crude product is light yellow
in color. The product was analyzed by *'P NMR. The signal for phosphoramidite-
terminated PS is at 8 = 147 ppm. Note that phosphoramidite-terminated polymer is
highly prone to oxidation to become phosphate, thus no purification was carried out to
avoid the possibility of exposure to oxygen. >'P NMR can be calibrated by adding an
internal standard trioctylphosphine (TOP), with a *'P NMR peak at -30 ppm.'” The
hydrolyzed chlorophosphoramidite has a peak at ~0 to 18 ppm. The unreacted

chlorophosphoramidite has a peak at 180 ppm.
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2.3.3 Synthesis of DNA-block-Polystyrene

The DNA on CPG solid support was manually detriylated by pushing detritylation
solution through the supporting column containing the beads using a syringe until no
orange color is observed. The beads were dried by blowing a stream of argon gas through
the column. The dried CPG beads containing the synthetic oligonucleotides prepared in
the previous section was added into the round bottom flask equipped with a stir bar and
Schlenk line adapter and two rubber stoppers. 3 mL of anhydrous dichloromethane was
added to the CPG beads to avoid static cling while the flask is purged with a gentle
stream of argon for ten minutes. The phosphoramidite-terminated PS was transferred to
the flask containing the DNA on CPG beads as fast as possible by cannula to reduce the
exposure to oxygen. 15 mL of dimethylformamide was then added to make a 1:1
DMF:CH,Cl, solution to resolve the solubility difference between DNA and PS . 2.7 mL
of activator solution was added to the flask at 3:1 molar ratio of activator:
phosphoramidite-terminated PS. The reaction was stirred for a few hours or overnight
under a blanket of argon.

The reaction was stopped and stirring turned off to allow the CPG to settle to the
bottom. The supernatant of the reaction was decanted and the beads were washed with 5
aliquots of 10 mL chloroform to remove unreacted polymer. The beads were then dried
with a gentle stream of argon, collected, and packed them back into the solid support
column. The phosphoramidite was oxidized to phosphate by passing the oxidation
solution through the column with a syringe drop wise for 2 min. The beads were rinsed
with acetonitrile until no yellow color from the iodine in the oxidation solution is

observed on the beads. Dry the beads and transfer them to a scintillation vial. 10 mL of
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concentrated ammonium hydroxide was added to the beads and leave undisturbed for 6 to
12 hrs at 55°C. Caution: During this step, ammonia is produced as a by-product from the
degradation of ammonium hydroxide. Therefore, be cautious when opening the vial after
the reaction. Cool down the solution to room temperature before opening the vial, and
open the vial in a well-ventilated hood.

Separate the supernatant from the CPG beads by gravity filtration This fraction
contains mainly uncoupled DNA strands and a small amount of DNA block copolymers.
The beads were washed with two 5 mL aliquots of DMF, and collect the DMF solution in
a separate vial. This fraction contains mainly DNA block copolymers. The synthesis
yield 2 umol of DNA-b-PS (2% yield).

The fractions were characterized by UV-visible spectroscopy and
photoluminescence (PL) spectroscopy. Emission spectrum of DNA-b-PS in water was
collected with the excitation wavelength at 490 nm to check the presence of the FAM dye
in DNA. The concentration of FAM-modified DNA-b-PS in DMF was determined using
the extinction coefficient of FAM in DMF at 518 nm (1.3 x10* M'em™) using UV-vis
spectroscopy. The extinction coefficient of FAM in DMF was determined by creating a
calibration curve by preparing a series of dilutions from a stock solution of FAM in
DMF. The extinction coefficient provided is the average of three measurements.

The hydrodynamic diameter of simple micelles of DNA-b-PS  in water
(PS@DNA) was determined by DLS using Malvern Zetasizer. The average of three
separate measurements was 15 £ 4 nm (Figure 2-2C). The DNA block copolymer
product was further characterized by gel electrophoresis using a 3% agarose gel. The gel

was prepared by dissolving 1.5g of agarose with 50 mL of 1x TAE buffer with heating in
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a microwave oven for 2 min. The gel by pouring the solution into the gel tray and allow it
to cool and solidify. 2 pL of loading buffer was added to 10 pL DNA samples (10 pmol).
Enough 1x TAE buffer was added to cover the gel, and the sample was loaded into the
well and the gel was ran at 60 V for 1 hr. The gel was imaged under UV lamp (Figure 2-

2E).

2.3.4 Self-Assembly of DNA Block Copolymers
Nano- and meso-scale structures were prepared from the self-assembly of DNA
block copolymers by the slow addition of water to the samples containing DNA block

copolymers. (Scheme 2-3)

2.3.4.1 Simple Micelles

Simple micelles of DNA-FAM-b-PS (PS@DNA) were prepared by the slow
addition of purified water (300 pL) to a solution of DNA block copolymers (3 nmol, 1
mL) in DMF at a rate of 10 pL at every 30 sec time intervals for 15 min. After overnight
stirring, 1 mL of purified water was added to the solution, and subsequently dialyzed

against water for one day.
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Figure 2-1. (A, B) Solid state DNA synthesis of DNA-b-Polystyrene (DNA-b-PS), (A)
Phosphormaidite-terminated PS and (B) coupling of polymer with DNA on CPG beads.
(C) An emission spectrum of FAM- labeled DNA-bH-PS dispersed in water. (D) DLS data
of simple micelles of DNA-b-PS (PS@DNA) in water. (E) Gel electrophoresis result for

1) DNA and 2) PS@DNA.
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2.3.5 Nanoparticle-Encapsulated Meso-scale Assemblies
2.3.5.1 Synthesis of Oxide and Gold Nanoparticles

Oleic acid-stabilized iron oxide magnetic nanoparticles (MNP) with a diameter of
4.5 nm were synthesized by the thermal decomposition method following a reported
procedure.” The purified MNP were dispersed in chloroform to make a 5 mg/mL stock
solution. Citrate-stabilized gold nanoparticles (AuNP) with a diameter of 36 = 6 nm were
synthesized following a reported procedure.® For the preparation of PS-modified AuNP,
the AuNP were transferred to dimethylformamide (DMF) by first adding DMF (500 pL)
to an aqueous solution of AuNP (500 pL) and redispersing them in DMF by
centrifugation (6,000 rpm, 30 min). This procedure was repeated two more times. The

final solution of AuNP dispersed in DMF was concentrated to make a 15 nM solution.

2.3.5.2 Synthesis of Polymer-grafted Nanoparticles

Nanoparticles (50 pL of stock solution) were dispersed in a 500 pL solution of
carboxyl-terminated polystyrene in DMF (MW= 6K g/mol, approximately 1000-fold
excess to calculated number of surfactants on the nanoparticle). The solution was left
stand overnight and precipitated with acetone (1 mL). The supernatant containing un-
grafted polymer was decanted and the precipiates were resuspended in DMF. The
concentration of purified PS-modified MNP and PS-modified AuNP were adjusted to 1

mg/mL and 1 nM, respectively.
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Scheme 2-3. (A) Nano- and (B) meso-scale structures of DNA block copolymer self-

assembly.
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2.3.5.3 Self-assembly of DNA BCP with Nanoparticles

Typically, core-filling polymer-grafted nanoparticles (10 puL, 1 mg/mL) were
mixed with a DMF solution of DNA block copolymers (3 nmol, 1 mL). (Scheme 2-3B)
To induce self-assembly, 300 pL of purified water was slowly added to the
nanoparticle/polymer mixture in DMF (10 pL at every 30 sec interval for a period of 15
min). After overnight stirring, 1 mL of purified water was added to the solution and it
was subsequently dialyzed against water for one day. PS-filled assemblies were prepared
following the similar procedure as polymer-grafted nanoparticles, where 10 ulL of a 2
mg/mL PS (MW= 6K g/mol) stock solution was added in place of nanoparticles. The
assemblies were then purified by decanting off the supernatant after centrifugation at
14,000 rpm for 45 min. The collected assemblies were subsequently vortexed to suspend

them back into water.

2.4 Synthesis of Biodegradable DNA Block Copolymer via Click Chemistry

For the biomedical applications we intended to use the DNA block copolymer
assemblies, we have decided to synthesize a new DNA block copolymer that is
biocompatible/biodegradable. The first reported biodegrable DNA block copolymer was
synthesized by the Park group form KAIST (Korea) consisting of a (PLGA) block.’
Although, there is a recent report on the solid-state synthesis of DNA-b-PCL, and the
authors reported micelle structures were obtained. However, the authors failed to

characterize the final integrity of the PCL polymer after the harsh cleaving step using
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ammonia hydroxide. In a control study, we have observed that PCL degrades rapidly in
the presence of concentrated ammonia hydroxide (Figure 2-2).

A biocompatible DNA triblock copolymer, DNA-b-polyethylene oxide-b-
polycaprolactone (DNA-b-PEO-b-PCL), was synthesized to further the study of the
antisensing experiments. Both PCL and PEO constructing the DNA BCP are FDA-
approved biocompatible polymers. In addition, PCL is degradable, thus can be used to
control the release of the drug payloads when needed, and this can be controlled by the
addition of a short polybutylene oxide (PBO) segment to slow down the enzymatic

degradation process of the PCL.

2.4.1 Synthesis of DNA-b-PEG-b-PCL

The triblock copolymer was synthesized in a three-step process (Scheme 2-4).
Azide-terminated polyethylene oxide-block-polycaprolactone was prepared first by
synthesizing a hetero-functionalized polyethylene oxide polymer,® with an azide moiety
on one end and the hydroxyl group on the other via anionic polymerization (step 1). The
hetero-terminated PEO was subsequently used as a macro-initiator for the ring opening
polymerization of polycaprolactone to yield a diblock copolymer of azide-terminated
PEO-b-PCL (step 2). This block copolymer self-assembles with the addition of water into
the common organic solvent, in which they are dissolved, into fiber-like structure with
the azide moieties on the PEO exposed. The exposed azide grounds were then
subsequently coupled with alkyne-terminated DNA via Copper-Catalyzed Azide-Alkyne

Cycloaddition (CuAAC), “click” chemistry (step 3).
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Figure 2-2. GPC chromatograph of pristine PCL and PCL after exposure to concentrated

ammonium hydroxide in DMF.
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Heterbifunctional polyethylene glycol was synthesize following a previously
reported method.®
The block copolymer was successfully synthesized. The final and intermediate

products were characterized by GPC and/or NMR, Figure 2-3.

2.4.1.1 Self-Assembly of PEG-b-PCL

Self-assembled structures of azide-terminated PEG-b-PCL were prepared by the
slow water addition method. In a typical experiment, 400 uL of the block copolymer
solution in THF (2mg/mL) was diluted to 1 mL in total volume with THF. Shown in
Figure 2-4 is a plot of the different assembled structures from the different length of

PEG-b-PCL.

2.4.1.2 Stability of PEG-b-PCL
Stability studies on PEG-b-PCL were performed on the self-assemblies. It was
determined that the structure in water is very stable. As shown in Figure 2-5, PEG-b-

PCL assemblies in water after a period of one month did not show signs of degredation

based on GPC.
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Scheme 2-4. Synthesis of Biodegradable DNA Triblock Copolymer DNA-b-PEO-b-PCL

(1) Synthesis of Hetero-terminated PEG

| 0 (1) ( A~ II- g (2) 3) )
S HCl s oA
L on | MsCUTEA HOGY)  f 0L g,
2-(Tetrahyd ro-2H-pyran-2yloxy) ethyimf%xide Di-functionalized PEO
cthanol

(2) Synthesis of Azide-Terminated PEG-b-PCL

0,0
o}

0 capmwlactone (o) M’O
NS‘%\/ %/\OH _—.,S“(Od) Ns‘k\/ q;/\o i }“H
Di-functionalized PEO Azide-terminated PEO-b-PCL

’LL.
Cu(l),
THPTA

89



(&)

L
Jh THP-PEG-OH |

T g ; : T ¥ T R T T
PPM.8 44 40 36 32 28 24 20 16 1.2

(B) 1 ——N,-PEO, -OH

s i

e

-

o e e I

0 —N_PEO,  -b-PCL,-OH
2 DB ——N_PEO, -b-PCL,,-OH
= 0.6 -
o]
<
= 0.4
-
5]
Z 0.2
0.0
1 1 1
12 18

1
Time (min)

Figure 2-3. Synthesis and characterization of PEG-b-PCL (A) THP-PEG, (B) N3-PEG-
OH, (C) N3-PEG-b-PCL-OH



2.4.1.3 Alternative Synthetic Routes and Their Problems

It has been determined that some of the azide functional groups on the azide-
terminated PEG degrade due to high temperature at which the ring-opening
polymerization of polycaprolactone is performed. To circumvent this problem, alternative
synthetic routes (Scheme 2-5) were developed where the azide functionalization step was
performed after the ring opening polymerization method. In the first alternative scheme
(Scheme 2-5A), the order of the PEG and PCL synthesis was reversed, where PCL was
synthesized first followed by the anionic synthesis of PEG using hydroxyl terminated
PCL as a macroinitiator. The assemblies obtained from the resulting polymer are mainly
vesicles and bilayer structures (Figure 2-6) that are greater than 500 nm in size, which is
not ideal as delivery agents into cells. Moreover, these methods however, were found to
degrade PCL during the azide-functionalization steps due to the presence of triethylamine
base used in the reaction (Figure 2-7). Therefore, we reverted back to the original
synthetic scheme for the synthesis of axide-functionalized PEG-b-PCL for the CuAAC

reaction.
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Scheme 2-5. Alternative Synthetic Methods (A) Pyrene-PCL (B) THP-PEG, bi-azide
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2.4.1.4 Synthesis of THPTA

In copper assisted coupling chemistry, the major concern of using CuAAC for the
coupling with DNA is the free Cu(I) ions which degrades DNA by cleaving the phosphate
backbone. In order to circumvent this problem, it has been reported that the ligand tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methylJamine (TBTA) are able to stabilize Cu(l) ions during
the clicking process. However, as a result of the solubility issue in our synthesis scheme,
TBTA cannot be used due to its poor solubility in water. A water-soluble derivative of
TBTA, tris(3-hydroxypropyltriazolymethyl)amine (THPTA) was synthesized following
the procedures of a previous report.’

The synthesis is composed of two steps (Scheme 2-6), first is the synthesis of 3-
azido-1-propanol which is subsequently used in the synthesis of THPTA. For the synthesis
of 3-azido-1-propanol, 3-bromo-1-propanol was converted to the azido form by mixing
with sodium azide in a 1:2 mole ratio in water at 45°C overnight, follow by extraction
with dimethylchloride and dry with magnesium sulfate. In the second step, the purified 3-
azido-1-propanol was mixed with tripropargylamine under inert atmosphere in 4:1 mole
ratio in THF. Copper acetate was then added to the solution. The solution was then
refluxed overnight. The solution was then concentrated and dissolve in water and then stir
in resin to remove copper ions. The filtered product is a yellowish oil/solid, which then
was dispersed in acetonitrile and sonicated to break the solid. The product was then

analyzed by NMR.
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Scheme 2-6. Synthesis of THPTA
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2.4.1.5 CuAAC “Click” Chemistry

Self-assembly of azide-terminated PEG-b-PCL in water can yield either spherical or
more interestingly fibril structure. By TEM, the diameter of the spherical nanostructures
is about 100 nm, and the dimension of the fibril structure is roughly 20 nm in diameter
and can go up to microns in length. The structure is expected to have a structure with a
hydrophobic PCL core and a hydrophilic PEG corona. This is confirmed by selectively
staining PEG with phosphotungstic acid (PTA).

In a typical CuAAC “click” reaction, solutions of copper (II) sulfate (CuSOs, 4
mM), THPTA (10 mM) and sodium ascorbate (20 mM) were prepared. PEG-b-PCL self-
assembled structures suspended in water (100 ulL, 20 nmol azide moiety). A stock
solution of 5> Alkyne- and FAM-modified DNA (Integrated DNA Technology) was
prepared in water. The reaction was carried out with the mole ratio of
azide:alkyne:Cu:THPTA:sodium ascrobate of 1:1:30:1:50. The reaction was allowed to
stand at room temperature for 6 to 8hr.

The assemblies after DNA conjugation was separated from the uncoupled DNA by
centrifugation at 14K for lhr. To the -collected precipitate, a solution of
ethylenediaminetetraacetic acid (EDTA) was added to the reaction mixture to quench
the reaction by chelation of EDTA to copper ions. The EDTA/Cu complex was then
removed by dialysis against water for 3 days with frequent change of the water. The

solution with the assemblies were then concentrated to a desired concentration.
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2.4.1.6 Integratity of DNA after CuAAC “Click” Reaction

Thermal denaturation on the DNA of the DNA-b-PEG-b-PCL assemblies were
performed to determine the integrity of the DNA after CuAAC “click”, as mentioned in
section 2.4.1.4, the presence of free copper (I) ion can damage the backbone of the DNA.
As shown in Figure 2-8, DNA strands on the DNA-b-PEG-b-PCL are nearly identical in
terms of melting temperature (T,,) compared to pristine DNA strands what were not

exposed to the copper ions.

2.4.2 Synthesis of DNA-b-PEG-b-PBO-b-PCL

As shown in section 2.4.1.2, the PEG-b-PCL assemblies are stable in water for a
long period of time without showing signs of degradation. However, in our preliminary
studies with using these constructs as carriers, we have found that these assemblies tend
aggregate over time. This observation was confirmed by static scattering experiments
with polymer constructs incubated in cell medium under the same conditions used for cell
uptake experiments (Chapter 4). As shown in Figure 2-10A, by measuring the scattering
at 800 nm, the scattering of the sample increases over time. This is likely due to the
enzyme degradation of the PCL, where PCL chains with PEG cleaved will aggregate to
minimize the exposure to water.

To increase the stability of PCL by slowing enzyme degradation by enzymes in
cell medium for cell uptake studies, a small block of polybutyleneoxide (PBO) was added
in between the PEG and PCL blocks to increase the hydrophobicity of the polymer core

and provide a protective layer for the PCL'’, Scheme 2-7. For the synthesis of PEG-b-
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PBO-b-PCL, allyl alcohol was used as the initiator for the anionic polymerization of
PEG, followed by the anionic polymerization of PBO. The allyl-PEG-b-PBO-OH
polymer was then quenched by stirring in methanol. The polymer was dried completely
and precipitated in diethyl ether. The purified polymer was then subsequently used as a
macroinitiator for the ring opening polymerization of PCL. The triblock copolymer was
precipitated into hexanes and dried in vacuum oven. The product was characterized by

GPC and NMR, Figure 2-9.

2.4.2.1 Self-Assembly of PEG-b-PBO-b-PCL

Self-assembled structures of azide-terminated PEG-b-PBO-b-PCL were prepared
by the slow water addition method. In a typical experiment, 400 uL of the block
copolymer solution in THF (2mg/mL) was diluted to 1 mL in total volume with THF.
Then 10 uL of water was added every 30 seconds for a period of 15 min to the polymer
solution in THF, and then allowed to stir overnight. 1 mL of water was then added to the
solution and dialyzed against water overnight. The resulting assemblies were then

precipitated with centrifugation at 14K for 1hr.
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Figure 2-8. Hybridization of DNA TCP with HeLa cells with different DNA density.
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Scheme 2-7. Synthesis of DNA-b-PEG-b-PBO-b-PCL
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2.4.2.2 Stability of PEG-b-PBO-b-PCL

Stability studies on PEG-b-PBO-b-PCL were performed on the self-assemblies. It
was determined that the structure is very stable in cell medium. As monitored by the
scattering, where even after 10 days in cell medium under incubation conditions used for
cell uptake there is no increase in the scattering indicating no aggergation of the

assemblies is taking place inside the medium. (Figure 2-10B)

2.4.2.3 Synthesis of DNA-b- PEO-b PBO-b-PCL via Thiolene “Click” Chemistry

For the conjugation of DNA onto the self-assembled structures of allyl-PEO-b-
PBO-b-PCL, the thiol Michael Addtion reaction was used with thiol-modified DNA
(Intergrated DNA Technology). Water soluble photoinitatior 4-(2-hydroxyethoxy)phenyl-
(2-hydroxy-2-propyl)ketone (Irgacure 2959) was used in 2 mol% to thiol-DNA. The
mixture of allyl--PEO-b-PBO-b-PCL, thiol-DNA and photoinitiaor were irradiated under
UV lamp (365nm) for 2 hr. The resulting DNA-b- PEO-b PBO-b-PCL product was then
precipitated with centrifugation at 14K for 1hr. The precipitate was then washed 2x with
water and clean by precipitation with centrifugation to completely remove any uncoupled

DNA and photoinitator.
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2.5 Summary and Conclusions

We have recently developed a new DNA-functionalization method based on the
self-assembly of DNA block copolymers and nanoparticles.” In this approach,
nanoparticles are encapsulated in DNA block copolymer assemblies by the slow addition
of water to the mixture of DNA block copolymers and nanoparticles in a polar organic
solvent. The resulting assemblies are composed of nanoparticles embedded in the
hydrophobic polymer core and the hydrophilic DNA shell at the exterior. Since this
approach is based on self-assembly, it can be applied to virtually any types of
nanoparticles. It is also important to note that this methodology leads to a densely packed
DNA layer on the surface because every polymer strand is conjugated to DNA. Due to
the high density, the DNAs on the assemblies show dramatically enhanced binding
properties. For example, they can recognize complementary DNA at low salt
concentrations where regular DNA strands do not form duplex structures. While DNA

1,3,7, 11 ,q.:
2 7" this work

block copolymers have been previously synthesized for other purposes,
was the first to demonstrate that the self-assembly of nanoparticles and DNA block
copolymers can be used to prepare DNA-functionalized nanoparticles with enhancing
properties. This enhanced binding property in combination with the capability to load

nanoparticles and other small molecules makes the DNA assemblies an excellent material

for DNA detection and delivery applications.
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Chapter 3. Enhanced DNA Binding Properties* and Thermodynamic
Studies

3.1 Overview
This chapter shows efforts toward determining the origin of the enhanced binding

mentioned in Chapter 2. In general, we hypothesize that the enhanced binding is likely
due to the DNA density on the surface of the assemblies, which is supported by the size
dependency of the enhanced binding. Thus, we designed experiments to 1) determine the
number of DNA strands on the surface of the assemblies, and then 2) we probed the
importance of the DNA density by diluting the number of DNA strands on the surface
and see what effect that has on the enhanced binding properties. Table 3-1 summarizes a
list of DNA block copolymer assemblies prepared for the studies mentioned in this

Chapter.

4 Reprint in parts with permission from Chen, X.-J.; Sanchez-Gaytan, B. L.; Hayik, S. E. N.; Fryd, M.;
Wayland, B. B.; Park, S.-J.: Self-Assembled Hybrid Structures of DNA Block-Copolymers and Nanoparticles
with Enhanced DNA Binding Properties. Small. 2010;6(20):2256-2260..Copyright 2010 Wiley-VCH Verlag
GmbH & Co. KGaA
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3.2 Forster Resonance Energy Transfer (FRET) Monitored DNA Hybridization

3.2.1 FRET
As a result of the strong absorbance of polystyrene at 260 nm, melting denaturation of the

DNA duplex to single-stranded DNA transitions were unable to be monitored by
conventional UV-vis spectroscopy at 260 nm. Instead, Forster/Fluorescent resonance
energy transfer (FRET) was used to monitor the transition, by labeling the DNA strands
on the DNA block copolymer with a fluorescein (FAM) and a Cy3 labeling on the
complementary strand.

FRET efficiency was determined based on the changes in the fluorescence
intensity of FAM (donor) with the addition of Cy3-labeled target oligonucleotide
(acceptor) using Eq.3-1, where Fp is the donor fluorescence intensity in the absence of
acceptor and Fp, is donor fluorescence intensity in the presence of acceptor.! The donor
PL intensity was used for the FRET efficiency calculation because Cy3 PL intensity
changes with temperature while there is no significant change in the FAM PL intensity
with the temperature range used in the experiments.

E=1- (FDA/FD) (Eq 3-1)
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Table 3-1. List of DNA block copolymer assemblies and their characterization

dynamic light scattering (DLS).

DNA Block
Copolymer
Assemblies”

PS@DNA

MNP@PS@D
NA

PS@PS@DNA

PS@PS@dilD
NA

AuNP@PS@P
C-DNA

PS@PS@diIFA
M-DNA

Description

Simple micelles of DNA-block-
polystyrene (DNA-b-PS) in water
Meso-assemblies of DNA-b-PS with
encapsulated magnetic nanoparticles

Meso-assemblies of DNA-b-PS with
encapsulated homo-polystyrene

Meso-assemblies of DNA-b-PS with a
mixture of DNA-b-PS with different
length DNA; with encapsulated homo-
polystyrene

Meso-assemblies of DNA-b-PS with
photocleavable-moiety modified DNA;
with encapsulated gold nanoparticles

Meso-assemblies of DNA-b-PS with a
mixture of DNA-b-PS with and without
FAM-labeled DNA; with encapsulated
homo-polystyrene

DNA Sequence(s)”

5’-FAM Ao ATC CTT ATC AAT ATT-
30

5’-FAM Ao ATC CTT ATC AAT ATT-
30

5’-FAM A,y ATC CTT ATC AAT ATT-
30

or

5’- Ajg ATC CTT ATC AAT ATT-
FAM-3” for cellular uptake studies
5’-FAM -CACAT-3’

and

5’-FAM Ao ATC CTT ATC AAT ATT-
30

5’- PC-FAM-A,, ATC CTT ATC AAT
ATT-3’

5’- Ajg ATC CTT ATC AAT ATT-3’
and

5’-FAM A,y ATC CTT ATC AAT ATT-
30

*The A@B denotes a core-shell structure composed of A core and B shell.
"FAM = fluorescein; Ajp= AAAAAAAAAA
“Standard deviation was taken from three individual measurements.
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166 + 2
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3.2.2 Enhanced DNA binding of DNA BCP assemblies
Assemblies of DNA-FAM-b-PS (DNA concentration: 200 pmol) was mixed with

800 pmol of Cy3-labeled complementary DNA (Cy3-DNA) strands in phosphate
buffered saline (PBS) solutions with appropriate salt concentrations or in water (total
volume of 800 pL).

The DNA hybridization property of these assemblies was monitored by FRET
using FAM/Cy3 donor/acceptor pair (Figure 3-1A). It was found that not only did the
DNA strands on these MNP@PS@DNA retain their hybridization properties in
phosphate buffer saline solution as expected (Figure 3-1B), surprisingly they can still
hybridize with complementary DNA strands in solutions without added salt (Figure 3-

10).
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MNP@PS@DNA: 5’ FAM-A,-ATCCTTTACAATATT3’
JFrrrrrCy3-DNA: 3’ Cy3-T,-TAGGAAATGTTATAAS’
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Figure 3-1. (A) Schematic description for the binding of Cy3-labeled complementary
DNA (Cy3-DNA) to MNP@PS@DNA below DNA melting temperature. (B)
Fluorescence spectra of MNP@PS@DNA mixed with Cy3-DNA in 0.3 M PBS below
and above DNA melting temperature. (C) Fluorescence spectra of MNP@PS@DNA
mixed with Cy3-DNA in water with no added salt below and above DNA melting
temperature. For comparison, a fluorescence spectrum of plain FAM-modified DNA
mixed with the complementary Cy3-DNA in the same condition was collected at 20 [IC
and plotted in green, which reveals negligible FRET. For all spectra, the excitation
wavelength was 430 nm, which selectively excites FAM. Figure reprint with permission

from ref [2].Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA
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This enhanced binding by the MNP@PS@DNA was clearly demonstrated in a
“competition experiment”, where CyS-labeled DNA strands with the same sequence as
that of the DNA strands on the MNP@PS@DNA were added to the solution to compete
for the Cy3-labeled target DNA (Figure 3-2A). Emission spectra collected reveled that
only FRET between the FAM/Cy3 pair is observed (Figure 3-2B) and no significant
FRET was observed between Cy3/C5 pair (Figure 3-2C); ergo the Cy3-labeled target

binds mainly to the MNP@PS@DNA.

3.2.3 Selective DNA Binding
These MNP@PS@DNA hybrid assemblies are highly selective in complementary

DNA recognition and they can distinguish fully complementary sequence (i.e. 0 base
mismatch) from strands with small numbers of base pair mismatches. To test the
selectivity, DNA hybridization properties were measured for “complementary” DNA
strands with 0, 1, 2, 3 base mismatches (Figure 3-3). The binding of a fully
noncomplementary DNA was also monitored for comparison. All experiments were
done in water without added salt. The DNA sequences used for the experiments are
given in Figure 4. The FRET efficiency and the melting temperature were determined for
the mismatched DNA and presented in Figure 4 along with the data for complementary
DNA. Both the FRET efficiency and melting temperature became progressively smaller
with a larger number of base mismatches, and there was no detectable DNA binding for
fully noncomplementary DNA. Notably, the FRET efficiency is significantly lowered

even with one base mismatch, showing that the hybrid assemblies can distinguish a single
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Figure 3-2. (A) Schematic description for the preferential binding of Cy3-labeled target
DNA to MNP@PS@DNA in the presence of Cy5-labeled competition DNA (i.e. plain
DNA with same sequence as the DNA of MNP@PS@DNA). All experiments were
carried out in water without added salts unless otherwise specified. (B) Fluorescence
spectra of the competition experiment with MNP@PS@DNA, Cy3-labeled target strands
(Cy3-DNA) and Cy5-labled competition strands (Cy5-DNA), showing selective binding
of target DNA to MNP@PS@DNA. FRET efficiency of FAM/Cy3 pair, Errerram-cy3) =
36.0 %. Excitation wavelength = 430 nm. (C) Room temperature (20 °C) fluorescence
spectrum of the competition experiment with 525 nm excitation (blue), confirming that
competition Cy5-DNA strands exist as single stranded DNA (Errert cy3-cys = <1 %). For
comparison, fluorescence spectrum of Cy5-DNA and Cy3-DNA in 0.3 M PBS is also
presented (red), which shows intense CyS5 emission via the FRET, Errgr(cys-cys) = 74.7 %.
Figure reprint with permission from ref [2].Copyright 2010 Wiley-VCH Verlag GmbH &

Co. KGaA
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Figure 3-3. FRET efficiencies (Ergger) (A) and melting temperatures (7,,) (B) for DNA
sequences with different numbers of base mismatches (underlined). Figure reprint with

permission from ref [2].Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA
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base mismatch from fully complementary DNA sequence without a thermal treatment.
This result also confirms that the DNA binding in the unusual condition (i.e., in purified
water with no added salt) is due to sequence specific DNA interaction. Because the
MNP@PS@DNA can be used at very low salt concentrations where plain DNA exist as
single stranded DNA, the hybrid material should be extremely effective in duplex DNA

detection applications.

3.3 Enhanced Binding is Size Dependent

3.3.1 Experimental Method
DNA block copolymers composed of polystyrene (PS) and a fluorescein (FAM)-

labeled oligonucleotide strand (DNA-FAM-b-PS) were synthesized by coupling
phosphoramidite-modified PS to oligonucleotides synthesized on CPG beads following a
previously reported procedure.”> The FAM dye was inserted in-between PS and DNA for
DNA hybridization studies. The self-assembly of DNA-FAM-b-PS was induced by the
slow water addition to the DMF solution of DNA-FAM-b-PS followed by dialysis in
water and centrifugation. The prepared DNA block copolymer assemblies were
characterized by dynamic light scattering (DLS) and transmission electron microscopy
(TEM).

Assemblies of DNA-FAM-b-PS (DNA concentration: 200 pmol) was mixed with
800 pmol of Cy3-labeled complementary DNA (Cy3-DNA) strands in phosphate
buffered saline (PBS) solutions with appropriate salt concentrations or in water (total

volume of 800 pL)
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DNA block  copolymer assemblies of two different sizes were prepared to
examine the effect of the size and surface curvature of the assemblies on DNA
recognition properties.” Mesoscale assemblies of DNA block-copolymers were prepared
by incorporating PS homopolymers in the core, which resulted in PS-filled DNA block
copolymer assemblies (PS@PS@DNA). The diameter of the PS@PS@DNA meso-
assemblies was determined to be 166 + 2 nm by DLS (Figure 3-4). For comparison,
simple spherical micelles of DNA block copolymers (PS@DNA) were prepared by the
slow addition of water to the DMF solution of DNA block copolymers. The size of the
simple micelles was determined to be 15 =4 nm by DLS (Figure 3-4), which correspond

to the size previously reported.””

3.3.2 Thermal Denaturation Studies
The DNA binding properties of the PS@DNA and PS@PS@DNA were

monitored by Forster resonance energy transfer (FRET) between the FAM (donor dye) on
the assemblies and Cy3 (acceptor dye) attached at the 3’ end of complementary DNA as
depicted in Figure 3-5A-B. The photoluminescence (PL) spectra were collected with the
excitation wavelength of 430 nm, which selectively excites FAM but not Cy3. Therefore,
the high intensity of the Cy3 PL at 564 nm and the drastically quenched fluorescent of
FAM in the presence of the Cy3-DNA acceptor are indicative of the binding between
Cy3-DNA and FAM-DNA. In typical experiments, DNA assemblies (200 pmol DNA)
were mixed with Cy3-labeled complementary DNA (Cy3-DNA, 800 pmol), at a 1:4 ratio,

either in a PBS buffer or in water.
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Figure 3-4. DLS measurements of simple micelles (A) and PS-filled meso-assemblies

(B). (C) A TEM image of PS-filled meso-assemblies.
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Figure 3-5C and D present PL spectra of the donor FAM-labeled PS@DNA
simple micelles and PS@PS@DNA meso-assemblies, respectively, in the absence (Fp)
and presence (Fpa) of the acceptor Cy3-complementary DNA in water and in 0.3 M PBS.
In 0.3M PBS solutions, both assemblies showed a strong acceptor emission and reduced
FAM emission in the presence of Cy3-DNA (Figure 3-5C-D, red), confirming that they
both bind to complementary DNA in 0.3 M PBS as expected. The FRET efficiencies in
0.3M PBS were calculated to be 88.9 + 4.8% and 88.2 + 3.5% for simple micelles and
meso-assemblies, respectively. For comparison, the FRET efficiency for plain DNA at
this salt concentration was determined to be 95 + 2.2%. It is interesting to point out that
the Epgrerfor plain DNA is higher than that of simple micelles and meso-assemblies. This
is likely due to steric hindrance of the DNA being closely packed on a surface of DNA
block copolymer assemblies. It is expected that there will be considerable interactions
from neighboring DNA in assemblies versus in the case of plain DNA where the DNA are
freely moving. The steric hindrance effect on the crowded surface of simple micelles and
meso-assemblies can also affect the orientation of the dye molecules, and thus the FRET

efficiency.
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Figure 3-5. (A-B) Pictorial descriptions of PS@DNA (A) and PS@PS@DNA (B),

showing how the radius of curvature affects the DNA packing and the duplex formation

at a low salt concentration. (C-D) PL spectra of PS@DNA (C) and PS@PS@DNA (D) in

the absences of acceptor (green) and in the presences of acceptor (blue) measured in

water. The PL spectra of the assemblies in 0.3 M PBS in the presence of acceptor are

also presented for comparison (red).
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The PL spectrum of the Cy3-DNA and simple micelle mixture in water (Figure 3-
5 C) shows a strong FAM peak at 520 nm, indicating that the complementary Cy3-DNA
does not bind to the small micelles of PS@DNA in water without added salts. On the
other hand, the meso-assemblies showed an intense Cy3 peak at 564 nm and a reduction
of FAM peak intensity at 520 nm, indicating that Cy3-DNA strands hybridize to the
complementary DNA on meso-assemblies at an extremely low salt concentration (Figure
3-5D). This behavior is similar to what was found for the assemblies encapsulated with
magnetic nanoparticles (MNP@PS@DNA) in our previous report.” The FRET efficiency
between the meso-assemblies incorporating PS homopolymers and Cy3-DNA in water
was calculated to be 74.6 + 4.1%. This result clearly shows that the enhanced DNA
binding property of our meso-assemblies is indeed size-dependent phenomena. It also
shows that the enhanced binding is not nanoparticle-specific, such that any core-filled
meso-assemblies of DNA block copolymers possess enhanced DNA binding properties
regardless of the type of core-filling materials. Thus, one can combine the unusual
enhanced binding properties of meso-assemblies with any types of molecular or
nanoscale encapsulants.

The FRET efficiency in water (without added salt), however, was much higher for
meso-assemblies when the three systems are compared, since simple micelles and regular
isolated oligonucleotide strands do not form duplex structure in water without added salt
(Figure 3-6). Suggesting that meso-assemblies possess significantly enhanced binding

constant than simple micelles or plain DNA in low salt conditions.
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Figure 3-6. PL spectra of FAM-labeled DNA in the absence (Fp) and presence (Fpa) of
complementary Cy3-DNA in (A) 0.3M PBS and water. (B) Corresponding melting curves
by monitoring the FAM intensity at 520 nm.
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Shown in Figure 3-7 are melting transition profiles for plain DNA, simple
micelles (PS@DNA) and meso-assemblies (PS@PS@DNA) with Cy3-DNA collected at
the three different salt concentrations, OM, 0.IM and 0.3M PBS at the same DNA
concentration (in 1:4 ratio of donor DNA:acceptor DNA). Also shown in Figure 3-7 are
the corresponding PL spectra at three selective temperatures for all the melting transition
profiles. Melting transition profiles of the three systems showed similar melting
temperatures (7)) at high salt concentrations such as 0.1 and 0.3M PBS. However, in
solutions without the addition of any salt, plain DNA and PS@DNA did not hybridize
with complementary Cy3-DNA, since the FAM intensity at 520 nm is not quenched in
the presence of the acceptor. In the same conditions, in solutions without added salt, the
meso-assemblies still showed a quenched FAM intensity at 520 nm which is regained
with increasing temperature, indicating the DNA strands on the meso-assemblies
hybridized with Cy3-DNA.

In Figure 3-8, the values of 7, and Epggr for plain DNA, PS@DNA and
PS@PS@DNA collected at the three different salt concentrations are shown in figure S3
are plotted for further comparison of the binding affinity of the three systems at different
salt concentrations. It is interesting to point out that the Erggr for plain DNA is higher
than that of PS@DNA and PS@PS@DNA. This is most likely due to steric hindrance
effect of the DNA being “packed” on a surface, where there will be considerable
interactions from neighboring DNA versus in the case of plain DNA where the DNA are
freely moving. The steric hindrance effect on the crowded surface of PS@DNA and
PS@PS@DNA can also affect the orientation of the dye molecules, and thus the FRET

process.
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Figure 3-7. The melting transition profiles monitored by the change of FAM emission
intensity at 520 nm for plain DNA (A), simple micelles (E), and meso-assemblies (I) with
Cy3-DNA at three different salt concentrations, 0.3M PBS (purple), 0.1M PBS (green)
and water (orange). Selected emission spectra at three different temperatures for each salt

concentration are shown following the melting curves.
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Figure 3-8. Plots of (A) 7,, and (B) Epger for plain DNA, simple micelles and meso-

assemblies in the presence of complementary Cy3-DNA for three different salt

concentrations 0, 0.1 and 0.3M PBS.
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3.4 Concentration Dependent Thermodynamic Analysis

3.4.1 Experimental Method
Concentration-dependent thermodynamic analyses were carried out for PS-filled

meso-assemblies (PS@PS@DNA) and free DNA strands at varying DNA concentrations
as well as varying salt concentrations of 0M, 100 mM and 300 mM NaCl. Melting curves
were obtained at a series of different DNA concentrations. FAM-DNA and Cy3-DNA

were mixed at 1:1 ratio for the measurements.

3.4.2 Thermodynamic Studies
Thermodynamic parameters of meso-assemblies and plain DNA were determined

and compared to better understand the enhanced binding properties. These parameters
were obtained by concentration dependent DNA melting analyses according to the van’t
Hoft’s equation (Equation 3-2):

1 _ R ., AS"-RIn4

T, AH® AH° (Eq. 3-2)

where 7, is the melting temperature, R is the gas constant, C; is the total DNA
concentration, 4H° is the enthalpy, and 45° is the entropy.

Parameters such as enthalpy 4H° and entropy 4S° were extracted from the fitted
van’t Hoff plots obtained from the concentration-dependent thermal denaturation
measurements (Figure 3-9B) based on equation Eq.3-3. Other thermodynamic
parameters such as free energy AG° and binding constants K., were subsequently

determined using equations Eq. 3-3 and Eq.3-4.
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AG°= AH°-TAS® (Eq. 3-3)

AG°=-RTIn(K.,) (Eq. 3-4)

A list of melting temperature, 7, and FRET efficiencies, Ergzer, collected are
summarized in Table 3-2 and 3-3 for plain DNA and PS@PS@DNA, respectively.

The concentration-dependent DNA melting analyses were carried out for meso-
assemblies, simple micelles and plain DNA at three different salt concentrations. For
these measurements, the molar ratio between the DNA block copolymer and
complementary Cy3-DNA was set to 1. The free energy (4G°) and equilibrium binding
constants (Keq) of the systems were calculated from the 4H° and 4S° values extracted
from the slope and the intercept of the equation 1. The calculated thermodynamic

parameters are listed in Table 3-4, and the binding constants are plotted in Figure 3-10.
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Figure 3-9. Concentration-dependent thermodynamic analysis of PS@PS@DNA in
solution without added salt. (A) Melting curves at varying DNA concentrations plotted at
the emission intensity of FAM (donor) at its emission maximum (520 nm) at increasing
temperatures. (B) van’t Hoff’s plot of the concentration-dependent thermodynamic

analysis where thermodynamic parameters of enthalpy and entropy were extracted.
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Table 3-2. List of melting temperature (7,,) for plain DNA determined at a series of

different DNA concentrations and two different salt concentrations.

0.1M PBS 0.3M PBS
[DNA] T [DNA] T
M) cO) M) (°C)

1.25E-07 48.3+0.4 1.73E-07 57.14£0.2
3.47E-07 49.7£0.3 3.30E-07  59.0+0.5
8.67E-07 51.8+0.3  7.29E-07 59.7+0.3
1.56E-06  53.0+0.1 1.63E-06 60.6+0.2
2.64E-06 53.7+0.3 2.26E-06 61.3+0.6
3.54E-06 53.9+0.4 4.06E-06 61.7+0.3
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Table 3-3. List of 7,, for PS@PS@DNA determined at a series of different DNA

concentrations and three different salt concentrations.

0 M PBS 0.1IM PBS 0.3M PBS
[DNA] T [DNA] T [DNA] 1 ocy
M) Q) M) Q) M) ;

4.00E-08 39.0+1.8 3.33E-08 48.1+0.6 2.00E-08 55.2+0.3
7.50E-08 40.2+1.4 4.00E-08 48.4+0.8 3.33E-08 56.7+0.2
1.00E-07 41.0£0.5 5.00E-08 489+1.0 4.00E-08 57.8+0.3
2.00E-07 42.0+0.8 8.00E-08 50.3+0.6 1.00E-07 58.8+0.3
5.00E-07 43.2+0.8 1.00E-07 52.5+0.5 3.00E-07 60.3£0.6
6.00E-07 44.4+1.0 5.00E-07 55.6£0.1 5.00E-07 62.0+0.5
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Table 3-4. Thermodynamic parameters of plain DNA and meso-assemblies obtained from
melting analysis.

Ion Plain DNA Meso-Assemblies
Concentration 100 mM 300 m M 0M 100 mM 300 m M
(o]
(kcgﬁlmol) -92.4+7.5 -100.8+11.0  -73.9+£3.7 -82.6+£10.2 -112.3£12.8
o
(caI/ArrsloI-K) -265.8+18.7 -280.5+22.8 -197.843.9 -219.9+31.9  -302.3+38.7
(o]
(kciﬁmol) -13.1+1.7 -17.1£0.4 -14.9+7.8 -17.0+0.7 22.1+13
Keq (3.9+12)x  (3.6£13)x  (82+02)x  (3.0£L.1)x  (1.74+1.1)x
(M) 10° 1012 1010 10'2 10'6
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Figure 3-10. Binding constants, K,,, of plain DNA, DNA block copolymer assemblies of

homopolymer filled meso-assemblies at different salt conditions.
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As presented in Table 3-4 and Figure 3-10, the meso-assemblies have
substantially higher binding constants than simple micelles and plain DNA strands at all
three different salt concentrations. This is especially obvious at very low salt
concentrations, where the simple micelles and plain DNA do not form duplex structure.
The binding constant of meso-assemblies without added salt was comparable to that of
plain DNA at 0.1 M PBS.

It is worth comparing the thermodynamic parameters of our meso-assemblies with
those of DNA-modified gold nanoparticles which have been extensively studied for their
enhanced binding properties.* The binding constant of meso-assemblies at 0.3 M PBS is
two orders of magnitudes higher than that of DNA-conjugated gold nanoparticles.” In
Table 3-5, the thermodynamic values of plain DNA and meso-assemblies determined
from concentration dependent thermodynamic analysis in 0.3M PBS are compared with
literature thermodynamic values of plain DNA and DNA-conjugated gold nanoparticles
with the same DNA sequence in 0.3M PBS.

The thermodynamic parameters listed in Table 3-4 and 3-5 indicated that both
enthalpy and entropy terms contribute to the lower free energy of meso-assemblies

compared to DNA-conjugated gold nanoparticles.
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Table 3-5. Comparison of literature and experimental thermodynamic parameters for

plain DNA, DNA-conjugated gold nanoparticles and meso-assemblies at 0.3M PBS.

0.3M PBS

AH®°
(kcal/mol)
AS°

(cal/mol-K)

AG®
(kcal/mol)
Keq
M)

Literature®

conjugated

Plain DNA

-100.8+11.0
-280.5+22.8

-17.1£0.4

(3.6+1.3)
x 1012

137

Experimental

-191.4+46.2

Meso-
Assemblies

-112.3+12.8
-302.3+38.7

-22.1+1.3

(1.74+1.1)
x 10'°



The size-dependent DNA binding property suggests that the enhanced DNA
binding of meso-assemblies is associated with the high DNA density. As depicted in
Figure 3-5A, larger meso-assemblies have a smaller surface curvature compared to
simple micelles. The smaller curvature is translated into a smaller space per DNA strand
and a higher DNA density. This is in contrast to the size-dependence found in DNA-
modified gold nanoparticles, where the average footprint of DNA becomes larger and the
areal DNA density becomes smaller with increasing the nanoparticle size.” For DNA
block-copolymers, a smaller curvature forces DNAs to pack more closely as every
polymer is connected to a DNA. The close DNA packing creates an unusual environment
for DNA on meso-assemblies, which leads to the extraordinary DNA binding properties
of meso-assemblies. The hydrophobic nature of PS also contributes to the high DNA
density on our meso-assemblies as DNA block-copolymers pack tightly to avoid the
contact between water and PS. However, the size and the curvature effect is apparently
important as simple micelles made of the same polymers behave similarly to plain DNA

strands.

3.5 Estimate Number of DNA Strands per Assembly
As shown in equation Eq.3-5, the number of DNA strand per DNA block
copolymer assembly in essence is the total number of DNA strands over the total number

of assemblies in a given solution.
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Total # of

# DNA strands — DNA strands
per assembly Total # of
assemblies (Eq.3-5)

To determine these two values, we prepared fluorescent-labeled PC DNA block

copolymer assemblies with encapsulated gold nanoparticles (Figure 3-11).

3.5.1 Experimental Design
The number of DNA strands per meso-assembly was determined using

photocleavable (PC) DNA strands (sequence: 5’-PC-FAM Ay ATC CTT ATC AAT ATT-
3’). This method of releasing the DNA strands from the polymer cores allows for an
accurate quantification of DNA without the interference of the scattering by meso-
assemblies and the self-quenching of FAM PL that can occur on meso-assemblies due to
the dense DNA packing. The photocleavable linker was inserted between PS and FAM
dye to release FAM-modified DNA as free DNA strands for quantification. Gold
nanoparticles (AuNP) were incorporated into the assemblies (AuNP@PS@PC-DNA) to

determine the number of meso-assemblies.

3.5.2 Synthesis of PC DNA Block Copolymer Assembly
PC DNA block copolymer strands were synthesized by the same procedure{Chen,

2010 #125} as regular DNA block copolymers with the exception that a photocleavable
phosphoramidite (4-(4,4'-dimethoxytrityloxy)butyramidomethyl)-1-(2-nitrophenyl)-
ethyl]-2-cyanoethyl-(N,N-diisopropyl)-phosphoramidite, Glen Research) was added at
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the 5° end of the DNA sequence (5-PC-FAM Aio ATC CTT ATC AAT ATT-3'). The
synthesized PC DNA was then coupled to phosphoramidite-terminated PS at the 5 end.
The PC DNA block-copolymers were self-assembled with AuNP were prepared by the
same procedure used for the non-photocleavable regular DNA block copolymers

described above.

3.5.3 Characterization of PC DNA BCP Assembly
These assemblies were analyzed using TEM, DLS and also hybridization

experiments in solutions without added salt to confirm that they are indeed structurally
similar to other assemblies. As shown in Figure S6A and B, the PC assemblies contained
3 + 2 gold nanoparticles per assembly, and the diameter of the assemblies by DLS is 153
+ 6 nm which is similar to the size of other meso-assemblies described above. These PC
assemblies also possessed the enhanced DNA binding properties shown for other meso-
assemblies (Figure 3-11), which indicated they are indeed very similar structurally to
other non-photo cleavable assemblies that showed enhanced binding. These results
indicate that the photo-cleavable moieties did not affect the binding properties of these
meso-assemblies, and that they are characteristically similar to the other meso-assemblies
studied. Thus making them reasonable models used to determine the number of DNA

strands per meso-assembly of non-photocleavable meso-assemblies.
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Figure 3-11. (A) TEM image and (B) DLS of AuNP@PS@PC-DNA. (C) Hybridization
properties of AUNP@PS@PC-DNA assemblies with Cy3-labeled target in solutions with

no added salt showing the assemblies enhanced binding properties.
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3.5.4 Determining the DNA Density
The total number of assemblies in the solution was determined using the

encapsulated gold nanoparticles as markers as shown in Eq.3-6, where the total number
of encapsulated gold nanoparticles were determined using ICP-MS and the average
number of gold nanoparticles per assembly was determined based on the statistical
averaging of the number of gold nanoparticles per assembly using TEM images of
AuUNP@PS@DNA (Figure 3-11).

The FAM-modified PC-DNA was released from the meso-assemblies by the UV
irradiation with a Spectroline Ultraviolet transilluminator (Spectronics Corporation TL-
365R) (wavelength 365 nm) for 5 min.’, Figure 3-12A. After the DNA cleavage, released
DNA and PS beads were separated by centrifugation (14,000 rpm, 45 min). The
precipitates of PS beads did not show any FAM emission, confirming that nearly all DNA
strands were indeed released from the PS cores. The total number of DNA in the
supernatant was determined by measuring the absorbance and the fluorescence of FAM
attached to the released DNA. The value is in good agreement with the initial DNA
concentration used to prepare the assemblies, suggesting almost all the DNA strands were
cleaved off the assembly surface. Finally, the average number of DNA strands per
assembly was determined by dividing the total number of cleaved DNA strands by the
total number of assemblies.

From multiple measurements, the areal DNA density of AuNP@PS@PC-DNA
was determined to be 62.5 + 4.5 pmol/cm?, which corresponds to the DNA foot-print of
2.6+ 0.2 nm”. Considering that the diameter of B-form DNA duplex is 2.0 nm’, this foot

print value is close to the smallest possible value. For comparison (Figure 3-12B), the
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areal DNA density of meso-assemblies is about four times higher than the highest value
reported for DNA-modified gold nanoparticles of similar size (150 nm) with the same
DNA sequence and spacer (15 pmol/cmz).5 The maximum areal DNA density reported
for gold nanoparticles was 19 pmol/cm” using a PEG-spacer.’ In the case of DNA
functionalized gold nanoparticles, the calculated foot-print of each thiol-terminated DNA
ranged from 4.9 nm® to 12.9 nm”’ where the foot-print increases with increasing
nanoparticle size as discussed above. To the best of our knowledge, the DNA density on
our meso-assemblies is the highest reported value in the literature for DNA conjugated
nanoparticles. We believe that the ultrahigh DNA density is responsible for the

drastically enhanced DNA binding of our meso-assemblies.

3.6 Effect of High DNA Density on Enhanced Binding Property
In order to investigate the role of DNA density on the enhanced binding

properties, a series of meso-assemblies of varying DNA density was prepared by the
simultaneous self-assembly of block-copolymers with “diluent strand” DNA (DNA
sequence: 5’FAM-CACAT3’) and block copolymers with recognition DNA (DNA
sequence: 5°-FAM A g ATC CTT ATC AAT ATT-3’) at varying compositions (Figure

3-13).

3.6.1 Experimental Method
Assemblies with varying percentages of diluent DNA block copolymer strands

with DNA sequence of 5’FAM-CACAT3’ were prepared by simultaneously self-

assembling DNA block copolymers with recognition strands and DNA block-copolymers
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Figure 3-12. (A) Schematic description of the method used to determine the number of
DNA strands using photocleavable DNA. (B) The number of DNA strands per meso-
assemblies and the number of DNA strands per DNA functionalized gold nanoparticles

(AuNP)’ with A10 and PEG spacer and their (C) the corresponding areal DNA density.
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with diluent strands at varying ratios. Diluent polymers (in DMF) were mixed with the
recognition polymers in DMF at 5, 10, 33, 50, and 67% to total DNA block copolymer
concentration of 3 uM in 1 mL solution. Appropriate amounts of core filling PS (10 pL, 2
mg/mL in DMF) were added to the solution. The three components were self-assembled
by the slow water addition (10 uL at 30 sec intervals for a period of 15 min). After
overnight stirring, 1 mL of purified water was added to the solution and it was
subsequently dialyzed against water for one day. The assemblies were then purified by
the above-described method used for typical meso-assemblies without diluent strands.

PS homopolymers were used as a filler to prepare sub-micrometer meso-
assemblies (Figure 3-13A). The hydrodynamic diameter of the meso-assemblies with
diluent strands was determined to be around 230 nm, which is slightly larger than that of
meso-assemblies without diluent strands (160 nm), Figure 3-13B, C. This is expected as
the diluent strand is shorter than the recognition strand, which should increase the
aggregation number.® Nonetheless, all the assemblies with diluent strands were in the

targeted sub-micrometer size range.
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Figure 3-13. (A) Schematic description of the formation of meso-assemblies with diluent
strands. (B) A TEM image of meso-assemblies with 10% diluent strand percentage. (C)
DLS data of meso-assemblies with 0, 5, and 67% diluent strand percent-age. (D) A Plot

of FRET efficiency as a function of diluent strand percentages.
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3.6.2 FRET-monitored Hybridization of Diluent-Strand Assemblies
The FRET efficiency between the meso-assemblies and complementary Cy3-

DNA was measured in water without added salt for a series of assemblies with varying
percentages of diluent strands. As shown in Figure 3-13D, the FRET efficiency was
sharply decreased as the number of diluent strand was increased to 10%. Eventually, the
meso-assemblies with a diluent strand percentage exceeding 67% did not hybridize with
complementary Cy3-DNA in water. This result indicates that an extremely high DNA
density is necessary for the enhanced binding shown here for meso-assemblies in water
without added salt. Note that the FRET efficiency is reduced even with very small
amount of diluent strands (5%). This strong dependence of the FRET efficiency on the
DNA density clearly indicates that the unusual enhanced binding of meso-assemblies is
associated with the high DNA density and the unique local environment.

The high DNA density can affect the DNA hybridization in several different ways.
It has been proposed for DNA-conjugated gold nanoparticles that the high DNA density
on nanoparticles results in a high local salt concentration, leading to a higher binding
constant.*’ We believe that the high local salt concentration should play an important

role here in DNA block-copolymers as well.

3.7 Effect of Dye on Enhanced Binding Property

3.7.1 Experimental Method
Dye-diluent DNA block copolymer strands were synthesized by the same

procedures in ref. > with the exception that they are not tagged with a fluorescent label to
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the end of the DNA sequence (Figure 3-14A). Self-assembled structures of meso-
assemblies containing up to 67% of dye-diluent DNA block copolymer strands (33%
FAM-DNA block copolymer strands with a fluorescein dye) were prepared by the same
procedures use for other homopolymer filled self-assemblies.  The diameter of the
resulting assemblies was determined to be 174 £ 3 nm based on DLS (Figure 3-14B),

which is within the range of meso-assemblies with 100% FAM-DNA block copolymer.

3.7.2 FRET-monitored Hybridization of Dye Diluent-Strand Assemblies
FRET experiments with Cy3-labeled strands in solutions with no added salt

showed that even at different ratios of dye diluent strands, the FRET efficiency stayed
relatively unchanged, indicating that the dye density on the surface of the assemblies is
not the important factor in the enhanced binding properties of the assemblies (Figure 3-

14C).
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Figure 3-14. (A) Assembly scheme of meso-assemblies containing a mixture of DNA
block copolymer strands with and without fluorescein (FAM). (B) DLS measurement of
meso-assemblies with 100% and 50% FAM-DNA block copolymer strands. (C) FRET
efficiencies of assemblies with 100%, 50% and 33% FAM-DNA block copolymer

strands.
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For meso-assemblies of DNA block-copolymers reported here, the hydrophobic
core play a critical role in achieving the high DNA density needed for enhanced binding.
The DNA stands tend to pack tightly to avoid the interaction between water and
hydrophobic PS. In addition, the DNA strands can be forced to pack more tightly by
introducing core fillers, which is responsible for the extraordinary DNA binding
properties of meso-assemblies reported here. In our control experiment, meso-assemblies
prepared from the mixture of FAM-labeled DNA block-copolymers and unlabeled DNA
block-copolymers showed a similar FRET values as the typical meso-assemblies made of
only FAM-labeled block-copolymers (Figure 3-14C), demonstrating that the inclusion
of FAM is not responsible for the enhanced binding. While it is possible that the
hydrophobicity and the aromatic structure of styrene monomers of PS might contribute to
the DNA binding through the hydrophobic effect and the interaction between DNA bases
and PS, it cannot solely explain the extraordinary DNA binding properties of meso-
assemblies of PS-b-DNA, since simple micelles made of the same polymer did not show
the level of enhanced binding. It is also important to note that the strong binding of

meso-assemblies does not compromise the sequence-specific DNA binding.”

3.8 Summary and Conclusions
In summary, we have determined that DNA block copolymer assemblies with

fillers (nanoparticles or homopolyers) in the core possessed an ultra-high surface DNA
density, more than four times higher than the highest reported value in the literature. We
have determined that this ultra-high DNA density is critical for enhanced DNA binding

exhibited by these DNA block copolymer assemblies. As illustrated by diluent strands
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experiments, where with the gradual diluent of the DNA strands on the surface while
keeping the structure constant showed a drastic decrease in the DNA binding affinity of
these assemblies with the target strands at extremely low salt conditions, and this
enhanced binding decreased sharply when at as little at 10% of the DNA strands were
“diluted”, and almost completely disappeared for assemblies with 50% of diluent strands

in the composition.
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Chapter 4. Cellular Uptake of DNA-b-Polystyrene (PS) Assemblies

4.1 Overview
This chapter presents results on the cellular uptake studies of the DNA-bH-PS

assemblies; mainly investigate 1) the efficiency of the uptake, 2) the stability of the
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assemblies in cell medium and incubation conditions, 3) the stability of the DNA payload
being delivered by the assemblies, and 4) the ability of these meso-assemblies in the

down regulation of an exogenous gene.

4.2 Methodology
4.2.1 Aseptic Cell Culturing

HeLa cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM,
high glucose 4.5 mg/L, Invitrogen) supplemented with 10% fetal bovine serum (FBS,
Hyclone) in 25 cm? cell culture flask (Thermoscientific, Nunc flask) at 37 °C, 5 % CO,
and 95 % relative humidity in a Sanyo CO; cell culture incuabtor. The cells were

trypsinized and passaged every two to three days.

4.2.2 Plasmid Amplification by Bacteria
4.2.2.1 Preparation of LB Broth and Agar Plates

The work area as well as anything used in the process was sterilized with 70%
ethanol. Before opening and closing any of the autoclaved bottles, flame the neck of the
containers using a Bunsen burner.

LB Miller broth was prepared by adding appropriate amount of LB Miller powder
to de-ionized water to achieve a concentration of 25g of LB per 1 L of water. Add the
mixture into an autoclavable container and keep a loose aluminum foil cap on the
container, and authoclave the solution.

Agar plates were prepared by adding appropriate amount of LB Miller powder

(25g of LB per 1 L of water) and add 1.5% of agarose by mass. That is, for 200 mL of
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water, add 5g of LB Miller powder and 3 g of agarose. Add the mixture into an
autoclavable container and keep a loose aluminum foil cap on the container, and
authoclave the solution. While the medium is still warm, appropriate amount of antibiotic
was added (Table 4-1). The solution was mixed by swirling gently to avoid bubbles, and

poured into plates. The plates were then cooled in 4°C fridge until they set.

4.2.2.2 Transformation of Plasmid

In the typical transforming experiment, 1-10 ng of plasmid DNA to bacterial cells
and mix with pipette. After incubation on ice for 30 min, heat shock the cells for 45 sec
by incubation in a 42°C water bath, and then immediately place the tubes containing the
cells on ice for 2 min. Then, 0.45 mL of S.O.C. medium was added to each tube and

shake at 225 rpm for 1 hr at 37°C.

4.2.2.3 Plating/Culturing Transformed Bacteria

In a typical experiment, remove excess moisture in the agar plates by incubating
at 37°C for a few mintutes with lids slightly ajar. Then about 200 uL of transformed
bacteria cells was added to the agar plate and a flame-sterilize metal loop was used to

spread the cells on the agar plates. The plates were then incubated at 37°C overnight.
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4.2.2.4 Extraction and Purification of Plasmid
4.2.3 Transfecting Cells with Exogenous Plasmid

GFP plasmids were transfected into HeLa cells (Scheme 4-1) to be used to
monitor the gene regulation capability of the DNA-b-PS meso-assemblies with antising
GFP oligonucleotide sequence on the DNA block.

Incubate the HeLa cells in well plates overnight at 37°C or until the cells are 70 —
80% confluency. Determine the concentration of plasmid DNA by UV-vis. Calculate the
volume of DNA needed for a total of 1.5 ug of DNA per well for 6-well plates. Prepare a
solution of 10 uL to 12.5 uL lipofectamine transfection reagent with 1 mL Opti-MEM
and 1.5 ug DNA, and incubate the solution at room temperature for 30 min. Aspirate off
the spent medium and wash the cells in the wells with 1x PBS. Aspirate off the PBS. Add
the transfecting agent/DNA medium solution to the wells. Add an additional 1 mL of
Opti-MEM and incubate the solution at 37°C for 3 hrs (for short plasmid, ~ 3K bp) or 5-8
hrs (for long plasmid, > 3K bp). Aspirate off the transfecting solution and wash the cells
in the wells with 1x PBS. Aspirate off the PBS and add new phenol red- free cell culture
medium to the wells. Check the transfected cells using fluorescence microscopy. The
transfected plasmid will be active for ~ 1 week. Usually the success rate of transfection is
~ 40 — 50%. If it is desired to select only transfected cells, flow-cytometry can be used to

select fluorescent cells.
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Table 4-1: Amount of antibiotic for agar plates for 200 mL volumes.

Final Concentration

Antibiotic Volume of Stock Solution
(ug/mL)
Ampicillin 100 0.8 mL of 25 mg/mL stock
Kanamycin 50 1 mL of 10mg/mL stock
Chloramphenicol 35 0.206 mL of 34 mg/mL stock
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Scheme 4-1. Tranfection of exogenous GFP plasmid into cells.

OO + Lipofectamine 2000
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GFP plasmids \
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4.2.4 Antisensing Exogenous Genes with DNA BCP Meso-assemblies

Cells used for cellular uptake experiments were cultured with phenol red-free
DMEM with 10% FBS. PS@PS@DNA (DNA sequence 5’- Ajg ATC CTT ATC AAT
ATT-FAM-3’) or PS@PS@DNA hybridized with Cy3-modified complementary DNA
strands at one equivalence (50 pL, 10 nmol total DNA concentration) were incubated
with the cells grown in 200 pL phenol red-free DMEM with 10% FBS in Nunc Lab-Tek
4-well chambered cover glass at 37 °C with 5 % CO, and 95 % relative humidity for 24
hr. Cells were images by confocal microscopy using an Olympics FluoView FV1000
equipped with a 488nm, 559 nm and 633nm diode-gas laser combination and a SIM

scanner.

4.3 Cellular Uptake of DNA Block Copolymer Assemblies

In general, negatively charged particles show very little cellular uptake efficiency
due to the charge repulsion between the negative charged particles with the negatively
charged cell membrane.! Cellular uptake studies of our meso-assemblies with HeLa cells
showed that they can be efficiently taken up without any co-transfecting agents (Figure
4-1). For cellular uptake studies, meso-assemblies of PS@PS@DNA were prepared by
the self-assembly of DNA block-copolymers labeled with FAM at the 3° end. PS
homopolymers were used as the core-filler. The cellular uptake of meso-assemblies was
monitored by measuring FAM fluorescence. More than 99% of cells showed PL from
the FAM-labeled meso-assemblies (Figure 4-1A, top). The z-section analysis of the
cells incubated with the meso-assemblies showed even distribution of the assemblies

throughout the cytoplasm (Figure 4-1B). Cells incubated with plain FAM-labeled DNA
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did not show any uptake as expected (Figure 4-2). However, our meso-assemblies
showed highly efficient cellular uptake presumably due to the extremely high DNA
density as shown for DNA-modified gold particles.” It has been proposed that negatively
charged nanoparticles can be taken up by cells by opsonization;> * where positively
charged proteins in the cell medium bind to the surface of negatively charged
nanoparticles, which can then be taken up by cells.

Moreover, these meso-assemblies can also be used to carry an additional load of
therapeutic nucleic acid in addition to the DNA already present on the meso-assemblies.
This was demonstrated using complementary DNA labeled with Cy3-DNA. In this way,
both FAM and Cy3 fluorescence is visible without significant FRET between the two
dyes. The meso-assemblies prehybridized with cCy3-DNA showed efficient cellular
uptake. Moreover, the cCy3-DNA did not show signs of DNA degradation as indicated
by the strong Cy3 fluorescence signal (Figure 4-1A, bottom). In comparison, cells
incubated with the duplex of complementary Cy3-DNA and FAM-DNA did not such a
significant uptake based on the FAM fluorescence signal (Figure 4-2). As shown for
DNA-modified nanoparticles,” the ability of meso-assemblies to protect the hybridized
complementary DNA can be used as a way to deliver siRNA. The meso-assemblies are
advantageous over DNA-modified nanoparticles which attracted tremendous attention for

gene detection and delivery.” *?

First, additional therapeutic drugs can be readily loaded
into the meso-assemblies by self-assembly. Secondly, the meso-assemblies can be
fabricated with non-toxic low cost polymeric materials. Thirdly, the meso-assemblies

show unprecedented high DNA binding constant, which should be useful in a number of

and RNA DNA detection and regulation applications.
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Figure 4-1. (A) Confocal images of HeLa cells after the incubation with PS@PS@FAM-
DNA (top) and after the incuvation with PS@PS@FAM-DNA prehybridized with cCy3-
DNA (bottom). (B) z-sectioning images of cells incubated with PS@PS@FAM-DNA

using section size of 2 microns.

4.4 Cellular Uptake of Plain DNA
Confocal images of HeLa cells after incubation with single stranded DNA tagged

with a fluorescein label (ssFAM-DNA) and double-stranded DNA with ssFAM-DNA and
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ssCy3-DNA with a Cy3 label (dsFAM-DNA/Cy3-DNA) (Figure 4-2) showed that these
plain DNA not efficiently uptake by cells. This is expected, since one of the major
challenges in therapeutic DNA and RNA delivery has been the degradation of naked
DNA by nuclease present in the cell medium®. This further demonstrated the importance
of a dense layer of DNA on the surface. It should be noted that while the ssFAM-DNA
and dsFAM-/Cy3-DNA did not show a significant FAM signal, a strong Cy3 signal was
observed in the case of ssCy3-DNA (data not shown) and dsFAM-/Cy3-DNA in cells
after incubation. We believe this signal is not that of intact Cy3-DNA strands, rather it is
more likely to be Cy3-dye and or segmented Cy3-DNA, since as mentioned, it has been
demonstrated that DNAse degrades naked DNA within minutes’. The uptake of the Cy3
dye is not surprising since it has a positive charge, and it has been shown that positively
charged species are effectively uptake by cells due to the favorable interaction between

the negative charged cell membrane and the cationic species.
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(A) ssFAM-DNA
DIC - FAM Emission

Z-section: 2 microns per slice

(B) dsFAM-/Cy3-DNA
DIC FAM Emission

-section: 2 microns per slice

Figure 4-2. Confocal images of HeLa cells after incubation with ssFAM-DNA. The
fluorescent image clearly showed that the ssFAM-DNA does not get uptake by the cells.
The intense Cy3 signal without FAM signal indicates that the positively charged Cy3

dyes get taken up by cells after they are cleaved off from the DNA.
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4.5 Stability of DNA BCP Assemblies

Stability studies of meso-assemblies in cellular uptake conditions showed that
when the assemblies were mixed with cell medium (DMEM/10% FBS), the
hydrodynamic diameter increased by about 10 nm (Figure 4-3), potentially due to
opsonization of proteins onto the particle surface. More importantly, the assemblies did
not show any sign of aggregation under stimulated physiological incubation conditions
used for the cellular uptake studies, namely 37°C for 48hr at 95% humidity and 5%CO2
in cell medium DMEM/10%FBS. Importantly, the meso-assemblies were shown to be
very stable in simulated physiological conditions, and did not show any aggregation after

48 hr of incubation in cell medium under the same conditions used to culture cells.
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Figure 4-3. Dynamic light scattering measurements for the stability of meso-assemblies
in cellular uptake study conditions; incubate condition: 37°C for 48 hr in cell medium,

DMEM/10%FBS.
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Transmitted Fluorescent Overlay

Figure 4-4. Confocal images of HeLa cells transfected with GFP plasmids.
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4.6 Antisensing of GFP using DNA-b-PS Meso-assemblies

Antisensing experiments with DNA-bH-PS assemblies where the DNA sequence on
the assembly are the antisense sequence targeting green fluorescent protein (GFP) in
GFP-transfected HeLa cells (Figure 4-5). GFP-HeLa cells treated with antisensing DNA
block copolymer assemblies showed a significant decrease in the emission intensity of
GFP after 48 hours of incubation, a 21.8 % decrease relative to cells not treated with the
antisensing nanoparticles, Figure 4-6. Assemblies with scrambled DNA strands as well
as the antisensing DNA alone do not show this down regulation. With longer incubation
time (72 hr), Figure 4-6B, a bigger decrease in the GFP emission was observed 42.9 %;
however, a 21.1% decrease in the GFP emission intensity was also observed with the
DNA block copolymer assemblies with scrambled DNA strands. This decrease in the
GFP emission from the controlled scrambled DNA block copolymer assemblies is
speculated to be a result of cell death or perturbation to the normal cellular metabolism
cycle which prevented the synthesis of GFP, thus making it difficult to determine whether

or not longer incubation times in fact provide more efficient antisensing capabilities.
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Figure 4-6. Plots of emission intensity of green fluorescent proteins (GFP) in GFP-
transfected HeLa cells at 48 (A) and 72 (B) hours of incubation with (1) DNA block
copolymer assemblies containing antisensing sequence. Also of (2) assemblies with non-
antisensing sequence and (3) antisensing single-stranded DNA and (4) control with

pristine GFP-transfected HeLa cells..
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4.7 Summary and Conclusions

In summary, we have found that these self-assemblies of DNA block copolymers
(specifically DNA-block-polystyrene, DNA-b-PS) with nanoparticles encapsulated in the
core exhibited very efficient uptake by HeLa cells without the use of any co-transfecting
agents. The DNA payload also appeared to be protected during the process. We have also
demonstrated that the DNA-b-PS assemblies with antisense DNA strands for GFP can
down regulate the expression of GFP in GFP expressing HeLa cells. While the work on
DNA-b-PS is interesting and has great potential in DNA detection applications due to the
enhanced binding properties, however, their application in delivery is limited due to the
non-biocompatibility of polystyrene. To this end, we aimed toward the synthesis of
biocompatible/biodegrable DNA block copolymer to be used for drug delivery and

antisensing applications.
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Chapter 5. Biocompitible DNA Block Copolymer for Antisensing
Applications

5.1 Overview
This chapter presents the synthesis and cellular uptake studies on a second

generation of DNA block copolymer, which uses biocompatible and biodegradable
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hydrophobic polymer. Results on the size and shape effect on the cellular uptake of the
DNA BCP of the same composition are also presented. Furthermore, preliminary results
on biomedical applications of these DNA BCP assemblies in antisensing of Tau and

Vimentin proteins are also presented.

5.2 Antisensing with Short Nucleic Acids
5.2.1 siRNA: RNA Interferance (RNAi)

Over the past couple of decades, there has been tremendous hype and excitement
on using siRNA for gene therapy. Research in this area has helped develop a clearer
understanding of the mechanism on how siRNA regulates the expression of targeted
genes. The mechanism involves the binding of siRNA to the targeted mRNA. This
duplex RNA then actives the RNA-induced silencing complex (RISC), where the
RISC/siRNA complex will in turn cleave the mRNA. After the cleavage of the mRNA,
the RISC/siRNA complex will release the cleaved mRNA and seek out new uncleaved
mRNA and continue the cycle several times.' The RISC is composed of three
components; one of the major components is a protein call argonaute which is
responsible for cleaving the mRNA via a catalytic process which hydrolyzes the
phosphate backbone.” (Figure 5-1A)

There is no typical size of double stranded (dsRNA) used in RNAi. However, the
length of the dsSRNA does matter in the efficiency of the silencing effect. It appears that
longer dsRNA (300 to 600 nucleotides) have the best silencing effect in experiments
using fruit flies compared to shorter dsRNA (150 nucleotides or less). However,

increasing the concentration of the shorter dSRNA could increase the silencing effect to
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the level of long dsSRNA. Furthermore, dsSRNA is not typically used in mammalian cell
studies because they can invoke an antiviral immune response, so researchers usually use
siRNA directly in RNAi studies in mammalian cells.’
5.2.2 DNA: RNAseH

Our system delivers synthetic oligo-DNA as the therapeutic nucleic acid instead of
oligo-RNA given that the structure of DNA is more stable compared to that of RNA. In
antisensing applications, antisensing oligo-DNA binds to a region of the targeted mRNA,
then the mRNA is degraded by the RNAseH enzyme through the recognition of a
DNA/RNA duplex.

RNAseH, the enzyme responsible for cleaving DNA/RNA duplex, cleaves the
mRNA via hydrolysis of the phosphate backbone in the antisensing DNA/mRNA

duplex.’ (Figure 5-1C)

5.2.3 Steric Inhibition
In steric inhibition, an antisense oligomer can alternatively block the function of
the ribosome or other proteins that are critical for elongation or splicing by binding to the

targeted mRNA. (Figure 5-1B)
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Figure 5-1. (A) RISC complex mechanism. (B) Steric inhibition mechanism. (C)

Rebecca Henetta

RNAseH mechanism. Reprint with permission from ref [4].Copyright 2007 Nature
Publishing Group.
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5.3 Cellular Uptake Studies

5.3.1 Methodology

Cell studies were conducted with HeLa cells. Cells were cultured with phenol red-free
DMEM with 10% FBS. Polymer assemblies (50 pL, 10 nmol) were incubated with the
cells grown in 200 pL phenol red-free DMEM with 10% FBS in Nunc Lab-Tek 4-well
chambered cover glass at 37 °C with 5 % CO, and 95 % relative humidity for 24 hr.

Cells were images by confocal microscopy using an Olympics FluoView FV1000
equipped with a 488nm, 559 nm and 633nm diode-gas laser combination and a SIM
scanner. XTT assays were performed to evaluate the cytotoxicity of the assemblies

following the recommended procedures by the manufacturer (Sigma Aldirch).

5.3.2 Azide-terminated PEG-b-PCL

Polymer assemblies of PEG-b-PCL loaded with Nile Red dye molecules in the
hydrophobic PCL core prepared Section 2-4.1 were first tested and were found to get
uptake by cells rather rapidly. As can be seem in Figure 5-2, more than 99% of the cells
incubated with the polymer structure show red fluorescence within less than 12 hr.
Moreover, no inherent cytotoxicity was observed. It was also interesting to find that these
assemblies appear to have the ability to by-pass the plasma membrane and be taken up
even by cells that are known to be difficult to transfect, such as neuron and primary cell

lines (Section 5.5).
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Figure 5-2. Cellur uptake of PEG-b-PCL with HeLa cells.
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5.3.3 DNA-b-PEG-b-PCL

Nanostructures of DNA-b-PEG-b-PCL prepared in Chapter 2 were first tested and found
to get uptake by cells rather rapidly like of the PEG-b-PCL assemblies without DNA,
(Figure 5-3, as shown by the green fluorescence from the FAM on the DNA. No inherent
cytotoxicity was observed for the polymer assemblies conjugated with DNA as well as
shown in the XTT assay. These assemblies were demonstrated to be efficient carriers for
organic molecules as well. As demonstrated in Figure 5-4, the DNA-b-PEG-b-PCL
assemblies loaded with Nile Red dye molecules in the hydrophobic core showed that
cells incubated with this polymer carriers showed >99% transfection within 12 hr. The
cells showed both green and red fluorescence and the both are co-localized indicating the
polymer and DNA are both present and most likely intact. Furthermore, we
demonstrate in Figure 5-5 that the polymer assemblies with varying DNA density on the

surface are taken up by cells similarly.
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images of the treated cells, 2 um per slice. (C) XTT assay analysis on the cytotoxicity of

the biodegrable DNA block copolymer.
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Figure 5-4. Cellur uptake of DNA TCP loaded with Nile Red.
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Figure 5-5. Cellular uptake of DNA TCP with HeLa cells with different DNA density.
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5.3.4 Effect of Size and Shape on Cellular Uptake Efficiency
To investigate the effect size and shapes have on the cellular uptake on the DNA-

b-PEG-b-PCL nanostructures, the uptake efficiency of spherical versus fibril-like
structures were compared, and nanostructures with the sizes between 100 to 500 nm are
also compared. (Figure 5-6). There appeared to be no significant difference observed in
the effect of shape for this polymer system. However, the size appeared to play more of a
role in the uptake. It was found that assemblies greater than 500 nm in size did not show

significant uptake by cells.

182



FAM Nile Red Overlay DIiC

Nile Red

(B) Spheres

Figure 5-6. Cellular uptake of corresponding structures of different size and shape; (A)

fibril and (B) spheres; DNA-b-PEG-b-PCL assemblies.
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5.4 Gene Regulation via Antisensing
One of the major challenges in gene therapy is the efficient delivery of therapeutic

nucleic acids in their active forms.> ’

Here, we propose to develop DNA block-
copolymer (BCP) assemblies as an efficient and nontoxic delivery vehicle of short
nucleic acids. A DNA BCP is consisted of a short single strand of DNA covalently
attached to a strand of a hydrophobic polymer. In aqueous solutions, DNA BCPs self-
assemble into nano- to meso-scale assemblies composed of a hydrophobic polymer core
and a DNA corona. We have previously shown that the DNA binding constant of DNA-
b-polystyrene mesoscale assembly is dramatically enhanced compared to regular DNA
strands in solution owing to the very high DNA density on the surface of the assemblies.®
They are also excellent candidates as gene delivery vehicles. Our initial studies with
DNA BCP of DNA-b-polystyrene indicated that the cellular uptake of our assemblies is
more efficient than DNA-modified gold nanoparticles (DNA-AuNP) which have been
demonstrated to be an extraordinarily effective DNA delivery vehicle for many cell
types.” It was hypothesized that the unusually efficient cellular uptake of DNA-AuNP is
due to the opsonization of cell medium proteins onto nanoparticles with very high density

DNA,'® and we believe that the same mechanism is applied in our assemblies with a high

density DNA.
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5.4.1 Regulation of Vimentin

5.4.1.1 GFP/Vimentin 3T3 Cells

Constructs with antisensing Vimentin sequence in the DNA In addition to the Tau
protein regulation, we will also evaluate our assemblies for the down regulation of
Vimentin in 3T3 cells in collaboration of Dr. Paul Janmey (School of
Engineering/Medicine, UPenn). It has been found that cells start to express Vimentin
protein during the epithelial-mesenchymal transition (EMT), the process found in
metastasis of cancer cells.” An effective method to regulate the expression of Vimentin
will play a very important role in oncological studies of the metastasis of tumors. Our
preliminary results using GFP/Vimentin showed reduced GFP fluorescence indicating

that our assemblies can down regulate the expression of GFP-Vimentin (Figure 5-7).

5.4.1.2 Human Umbilical Vein Endothelial Cells (HUVEC)

We have examine the cellular uptake and the expression of Vimentin in human
umbilical vein endothelial cells (HUVEC),these primary cells are of great interest but are
notoriously difficult to transfect; conventional transfecting methods such as cationic
liposomes failed to achieve high efficiency transfections. HUVEC (Lonza) used for
experiments were cultured in EGM-2 medium supplemented with BulletKit (Lonza) as
recommended by manufacturer. Prior to some experiments, HUVEC were subcultured
onto glass coverslips or tissue-culture treated polystyrene at high density and incubated
for a minimum of 4 days to allow a monolayer to form. HUVEC in 60mm dishes were

transferred from their growth incubator to the live imaging chamber. A number of
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locations within the dish were selected and imaging initiated for the experimental time
courses, e.g., every Imin for 20min; every Smin for 60min, etc. After a few images were
captured to establish the baseline condition, construct was added to the medium in the
dish by gentle pipetting while imaging continued. To determine the loss of the fluorescent
signal over time, replicates of dishes were seeded and incubated with construct; each dish
was removed and imaged at a single 24hr interval following the addition of construct.
Uptake experiments with HUVEC were imaged with a Leica DMIRE2 equipped with a
camera (Hamamatsu model C4742-95), motorized stage (BioVision Technologies), and
live imaging chamber capable of maintaining temperature, humidity and CO, (Tokai Hit),

and controlled by iVision software (BioVision Technologies).

With our DNA polymeric assembled constructs, we were able to achieve an
incredible transfection efficiency of >99% as shown in Figure 5-8. Cells showed both the
green fluorescence from FAM and the red fluorescence from Nile Red within 15 mins of
incubation (Figure 5-9). The uptake of this construct into 100% of the cells in a
functional HUVEC monolayer is the first time that this degree of efficiency has been
achieved. The timing of the addition of the construct after monolayer formation abrogates
the possibility of the experimental perturbation affecting the formation of the monolayer,
and reduces the potential dilution and degradation of constructs that accompany

established transfection techniques.
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Untreated Cells Treated w. Antisensing Construct

Figure 5-7. Vimentin down regulation in 3T3 cells using fibril DNA-b-PEG-b-PCL in

3T3 cells.
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Human Umbilical Vein Endothelial Cell (HUVEC)
T L

Figure 5-8. Cellular uptake of fibril DNA-b-PEG-b-PCL in HUVEC cells.
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Incorporation into cells occurs within minutes

15 min 20 min

Figure 5-9. Kinetic studies on the uptake of DNA-b-PEG-b-PCL assemblies by HUVEC.
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It was observed that over time, big spherical aggregates start to appear in the
medium as seem in Figure 5-9 over the course of 45 min. As mentioned in Chapter 2,
these big aggregates were determined to be degraded products of PCL due to the basicity
of the medium. To circumvent the fast degradation of PCL, a short segment of PBO was
inserted in between PEG and PCL to provide an extra layer of hydrophobic shell to
protect the PCL core from being degraded by hydrolysis of either base or enzymes. As
shown in Chapter 2, the new DNA-H-PEO-b-PBO-b-PCL show great stability in the
HUVEC medium over the course of many days. Uptake studies using this new construct
were examined and it was found that these new constructs show similar uptakes as the
DNA-b-PEO-b-PCL that is they were taken up by HUVEC very efficiently and
effectively (Figure 5-10A). Moreover, no big aggregates were observed in the medium

(Figure 5-10B).
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Time: 10 min 20 min 40 min

(B)

Figure 5-10. (A) Cellular uptake of DNA-b-PEG-b-PBO-b-PCL by HUVEC. (B) Kinetic
studies on the uptake of DNA-b-PEG-bh-PBO-b-PCL assemblies by HUVEC.
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5.4.2 Regulation of Tau Protein

The over expression of Tau proteins has been suspected to be one of the causes of
Alzheimer’s disease.'' Therefore, the ability to regulate its expression can potentially
provide a new opportunity for a cure for Alzheimer’s disease. We are currently
collaborating with Dr. Gerard Schellenberg (School of Medicine, UPenn) to investigate
the ability of our DNA BCP assemblies in the down regulation of the Tau protein in
human IMR32 neuroblastoma cells.

Significantly, in our preliminary study, worm-like assemblies of DNA-b-PEO-b-
PCL as well as the new polymer construct DNA-b-PEO-b-PBO-b-PCL were able to cross
the plasma membrane of human IMR32 neuroblastoma cells (Figure 5-11), which are
notoriously difficult to transfect,'> without the aid of any co-transfecting agent. For the
down regulation of Tau protein, we will synthesize DNA-b-PEO-b-PCL with an effective
antisense sequence found by the Schellenberg group using Morpholino DNA that binds to
the region of the mRNA that is translated to Tau protein (5°TCA GCC ATC CTG GTT
CAA AGT TCA C 3°). It is expected that the injection of the antisense sequence should

reduce the Tau protein production.
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Figure 5-11. Cellular uptake of (A) DNA-b-PEG-b-PCL and (B) DNA-b-PEG-b-PBO-
b-PCL in IMR32 cells.
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5.5 Summary and Conclusions

Our DNA BCP assemblies offer important advantages over other existing non-
viral gene delivery systems. Firstly, compared to conventional positively charged
transfecting agents such as Lipofectamine, our negatively charged DNA BCP assemblies
pose less toxicity concerns." Secondly, despite the negatively charged surface of BCP
assemblies, DNA BCP assemblies showed surprisingly high cellular uptake efficiency in
our preliminary study without electroporation or co-transfecting agents. Futhermore, the
densely packed DNA layer is expected to be resistant to the degradation by DNAase due
to the high local salt concentration as mentioned above. Compared to the DNA-AuNP
with the similar uptake efficiency and surface charge, our DNA BCP can be made from
FDA approved biocompatible and/or biodegradable polymers such as polyesters to
further reduce toxicity concerns. Moreover, pharmaceutical drugs can be loaded into the
hydrophobic core of the assemblies during the self-assembling process for concomitant
delivery of therapeutic DNA and other drugs. Similarly, we have previously
demonstrated that nanoparticles can be readily incorporated into DNA BCP assemblies
for imaging and controlled release of drugs.® This new delivery system is highly
modular, and each component in the system (i.e., polymers, nanoparticles) can be tailored
to meet the needs of specific applications. Finally, the mesoscale DNA BCP assemblies
exhibit enhanced DNA binding properties compared to normal isolated oligonucleotides.®

Thus, they are expected to bind efficiently to target RNA in cells for gene regulation.
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Chapter 6: Perspective and Future Directions

6.1 Perspective on DNA Block Copolymer as Non-Viral Carriers

Traditionally, the booming interest in bioinspired materials research has
predominately focused on the understanding and the development of naturally occurring
materials and the ability to create novel multifunctionality artificial materials by
combination of different functional materials, e.g. the specific recognition properties of
biological molecules (such as nucleic acid, peptides, proteins, efc) and the unique
optical/physical properties of inorganic nanoparticles (such as quantum dots, noble metal
nanoparticles, magnetic nanoparticles, etc). The expectation has always been that the
resulting properties of the novel artificial material will simply be the combination of
properties from the individual components. However, this is not always the case as

demonstrated in our biohybrid DNA block copolymer nanomaterial.
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The enhanced binding capability of the DNA strands on the DNA block
copolymer self-assemblies i.e. DNA strands on the self-assembled nanostructure can
form duplex with its complementary strand at solutions virtually without the addition of
ions, a condition in which ordinary DNA strands do not form duplex, is a result of the
high local salt concentration around the nanostructures caused by the ultra-high density of
DNA packed on the surface of the nanostructures. Therefore, DNA strands on the
nanostructure can still hybridize with complementary strands even if the global salt
concentration does not promote hybridization for plain DNA strands. These hybrid self-
assemblies of DNA block copolymers demonstrated the potential for the synthesis of
novel artificial materials with novel properties that cannot be found in the individual
components that they are composed of, by simply manipulating the microenvironment of
the biohybrid nanostructures. This is an area in bioinspired materials that has been greatly

overlooked and certainly deserves much greater consideration.

6.1.1 A Univerisal System

Engineer a universal delivery system for any type of antisensing applications.
Design using a short “sacrificial” A20 strand to perform Thiol-ene Click reaction to avoid
degradation commonly caused by UV-A radiation (wavelength 320 — 400 nm) commonly
resulted in oxidation of guanine. This design will avoid any potential chance for
degradation of the antisensing DNA strand during the conjugation step to the polymer
assembly. A20-block-polymer assemblies can be used to hybridize with any antisensing

DNA strands that have extra T20 at the terminal of the DNA sequence.
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6.1.2 Concomitant Delivery

With the structure of the DNA block copolymer assemblies, this system can be
used for concomitant delivery of therapeutic agents such as siRNA, functional
nanoparticles and pharmaceutical drugs. This can increase the effectiveness of the
therapy by targeting the problem using multiple solutions all packed into one type of

nanoparticle carriers.

6.1.3 Topical Delivery

The meso-scale assemblies of DNA block copolymers using biodegradable
polymer has been demonstrated to be able to be cross the plasma membrane efficiently, it
is interested to see the uptake of these assemblies in topical delivery applications. DNA
conjugated gold nanoparticles have been recently reported to be successful in the delivery

of therapeutic siRNA for skin diseases.'

6.1.4 Kinetic Studies on Nulcease Degradation of Payload

Given the nature of the meso-structures, where they can achieved the areal DNA
density of 13 nm gold nanoparticles, it is expected that these meso-structures should
possess silimar properites such as the ability to slow the degradation of the DNA cargo
by DNAse. 2 It will be interesting to study whether or not the DNA block copolymer
assemblies also possess this interesting property due to the high density packing of DNA

on the surface.
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6.1.5 Endocytotic Mechanism

As have shown in Chapters 4 and 5, meso-assemblies are extremely efficient
delivery carriers. It is a bit counterintuitive given that generally negatively charged
species are considered poor choices in delivery since it is expected that electronic

repulsion would play a major role since the cell membrane is negatively charged.

6.1.6 Long-term Toxicity Study of Carriers

Nanoparticles can undergo agglomeration or shape changes under certain
conditions. In order to implement metal nanoparticles for in vivo and clinical
applications, their biocompatibility and cytotoxicity issues must be resolved. Thus, it is
important to evaluate the performance of nanoparticles at the cellular level and for in vivo
applications. DNA-conjugated metallic nanoparticles have not been found to cause acute
cytotoxicity.* In fact a recent detailed study on how nanoparticles change the genome
expression profile of cells showed that DNA-conjugated nanoparticles do not induce
significant changes in gene expression, while citrate-stabilized gold nanoparticles
completely alters the entire genome expression of cells.” Moreover, Massich et al.
reported that DNA functionalized gold nanoparticles induced 25 times less immune
response compared to cationic liposome-DNA complex in macrophage and HeLa cells.®
It is imperative to study the long-term cytotoxicity of the DNA block copolymer

assemblies and how they compare to the DNA conjugated gold nanoparticles.
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