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ABSTRACT OF THE DISSERTATION

Construction of Dynamic DNA Structures for Drug Delivery

by

Xiangyi Dong

Doctor of Philosophy in Nanoengineering

University of California San Diego, 2021

Professor Liangfang Zhang, Chair
Professor Yi Chen, Co-Chair

Deoxyribonucleic acid (DNA) nanotechnology is a novel field that utilizes self-
assembling DNA strands to create stable structures, including two-dimensional (2D) and
three-dimensional (3D) structures. Dynamic DNA structures could be achieved through
accurate design. Previous research has reported two major interactions in nature: the Watson—
Crick and the Hoogsteen base pairs. Most DNA structures are based on the Watson—Crick base
pair, which could perform a conformational change through strand displacement. Another means

of carrying out conformational change is to make use of Hoogsteen bonding, which causes the
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C-rich strands to form Hoogsteen bonds under acidic conditions and gives rise to a Watson—
Crick interaction under higher pH conditions. DNA nanotechnology offers the advantages of
biocompatibility and programmability, which could be utilized in the drug delivery field.
Inspired by a pH-triggered virus dissociation during endocytosis, we made use of dynamic
DNA structures to design a DNA nanogel system that can serve as a carrier with a pH-
triggered release property. This dissertation presents a robust DNA nanogel platform that could
load both small molecules like Doxorubicin and large molecules like proteins, with the
advantages of easy synthesis, fast pH response, and self-assembly. Instead of the Watson-
Crick interaction, we used G-quadruplex secondary structures as cross-linkers to form the
DNA nanogel. When a Hoogsteen-related design (i-motif) was integrated, an acid-
dissociated DNA nanogel platform was created, which could form a DNA nanogel under
physiological conditions while dissociating under acidic conditions. When a triplex structure
design was integrated into the framework, a size-reversible DNA nanogel that swells under acidic
conditions and shrinks back to normal size under physiological conditions was fabricated.
When applied to in vitro cell cytotoxicity experiments, during cellular uptake, the pH
decreased to 4-6 during the endocytosis process, which provided the controlled release
condition and caused conformational change in the DNA nanogel. This was followed by drug
release inside the cell, resulting in higher cytotoxicity to the targeted cancer cell line. Aside from
small-molecule drugs like Doxorubicin, our DNA nanogel platform can also capture protein
drugs. Compared with the platforms of existing protein-loading methods, the DNA
encapsulation of protein provides a novel non-covalent interaction-based method of loading
protein drugs, which could preserve the protein function. Moreover, a Watson-Crick

interaction-based dynamic DNA structure was investigated to construct a 2D-3D DNA dynamic
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structure by importing strand displacement. We successfully investigated the different designs
of DNA conformational change. To further study conformation changes at the molecular level,
the OXDNA software was used to perform a simulation that consisted of the experimental data
and showed the real topology of different conformations. Dynamic DNA structures are
highly programmable, easy to modify, and are self-assembling, making them a feasible next-
generation drug delivery platform. Modelling may be a useful tool to help predict the

structures that are needed for specific drug delivery.

XVi



Chapter 1

Introduction

Nanotechnology is utilized in the medical field to overcome inherent difficulties within
traditional medicine. Various nanoparticle drug delivery platforms [1] have been investigated,
such as quantum dots, nanotubes, 2-D materials, polymers, liposomes, inorganic systems,
hydrogels, and mesoporous, micelles, each having their own advantages. DNA is also
recognized as a novel material in the field of nanotechnology. The specific bonding of base
pairs can be used to direct the assembly of highly structured materials with specific nanoscale
features such as periodic 2D arrays, 3D nanostructures, assembly of nanomaterials, and DNA
nanomachines. In recent years, a variety of DNA nanomachines have been developed due to
their potential applications in biosensing, diagnostics, and therapeutic applications. It is
believed that these DNA-based nanomachines and hybrid motifs will become an integral point-
of-care diagnostics and smart, site-specific therapeutic delivery. As such, this chapter will
highlight and discuss pre-existing DNA dynamic structures, whose working mechanisms are
inspired by or derived from natural phenomena and nanomachines. In each section, the

mechanisms and the usage of the DNA structures in the biomedical field are described.



1.1 Background

Nanotechnology is an expanding field that encompasses a wide variety of technologies
including energy, materials, sensor technology, and medicine.[1] Nanomaterials possess
unique chemical and physical properties such as high surface area[2] and easy
functionalization, making them ideal as static drug carriers.[3] On top of these
characteristics, “smart” targeting abilities[3,4] and motion capabilities[5] can be synthesized
on these static drug carriers to increase their delivery capabilities and limit off-target effects
of therapeutics.[6] Examples of nanomaterials for drug delivery applications include
catalytically fueled nanomotors,[7] pH-responsive polymer structures,[4,8,9] and DNA
nanotechnology.[10,11] The smart carriers are aptly named nanomachines and are capable of
conformational and positional action in response to environmental stimuli,[4] allowing them
to be driven to specific regions or functionalized to deliver the cargo only where it is most
needed.[12] The nanomachines can also be adapted to function detectors and amplifiers[13]
for the diagnostics of hard-to-detect diseases[14] and the better understanding of nanomachine
transportation on the nanoscale.[15]

As such, these “nanomachines” have the potential to completely revolutionize site-
specific therapeutics by overcoming significant challenges in dosage, off-site effects, and
microenvironment specific delivery. There are obstacles, however, to creating such machines
because motion on the nanoscale is difficult,[16] the synthetic materials used in more
conventional machines may include non-biocompatible fuels,[17,18] and many machines
require additional treatment[19] in order to be functionalized with targeting ligands. A
promising way to address these challenges is through a two-step mechanism: (1) drawing

inspiration and design from biological nanomotors[20] and incorporating existing biological



modalities into our designs; and (2) working with a biological material such as DNA to
create synthetic DNA structures, which does not require many of the same harmful organic
chemistries. Biological nanomotors, such as actin/myosin,[21] Kkinesin,[22] and the
adenosine triphosphate (ATP) Fo/F1 motor[23] can function to deliver cargo, move in biological
environments, and discern specific targets. We can derive inspiration from their motion and
how they interact with environmental stimuli to design our synthetic structures. It is also
possible to draw inspiration from the asymmetric propulsion movement of prokaryotes such
as Escherichia coli (E. coli), which move through the propulsion of flagella.[24]
Additionally, the incorporation of existing biological molecules or structures such as
enzymes,[25] proteins,[26] and aptamers [27] is another promising route to create motion or

responsiveness with a bioinspired focus.

DNA nanotechnology is a branch of nanoengineering that takes advantage of the precise,
elegant base-pairing nature, self-assembly, geometry, and structure of DNA to engineer synthetic
structures for various applications including drug delivery, detection, and computing.[10] The
field, which originated in the early 1980s from the lab of Seeman and co-workers,[28] has
rap- idly expanded due to its versatility and adaptability. When certain design rules are
obeyed, DNA nanostructures can be designed to have a wide variety of 2D and 3D geometries,
including periodic arrays and lattices, nanoparticles, nanorods, and nanomachines.[29] DNA
nanostructures can also be easily functionalized for cellular targeting,[10] while remaining
biodegradable. Thus, DNA-based structures have great potential for drug delivery, disease
diagnostics, and biological imaging. These structures can also be easily attached to other
nanomodalities such as gold nanomotors,[30] polymers,[31] or carbon nanostructures[32] to

create hybrid detection, diagnostic, or delivery structures. This flexibility allows engineers to



create hybrid nanostructures with both DNA and other materials, thus expanding the range of
applications for DNA nanotechnology. We can also include within these synthetic DNA
structures the potential for responsiveness to pH[33], light[34-37], or small molecule
targets[31,38-40] by incorporating DNA secondary structures, such as DNA triplex
structures[32,41] or the intercalated cytosine motif.[42-44] This allows us to create
responsive nanostructures that can be classified as nanomachines. The responsiveness can
also be derived from pre-existing motifs called “aptamers” which are artificially selected and
can selectively bind proteins and small molecules.[45] Responsiveness to these cues facilitates
selective delivery and can be triggered based on microenvironment cues, enabling researchers
to begin to work on targeting specific disease modalities.[11] Consequently, DNA
nanomachines can be both bioinspired and bioderived, allowing huge potential and variety in
what can be achieved through creative design.[46]

In vivo stability is a main concern of using DNA as the drug delivery carrier. Inspired
by natural viral structures, which are important for them to survive in serum and escape from
immune system, Perrault and Shih developed an enveloped DNA nanostructure system.[47]
They first synthesized DNA octahedrons with several lipid-DNA conjugate handles pointing
outward. Surfactant was added to form micelles around the lipid conjugate. After adding
polyethylene glycol-functionalized liposomes and dialyzing out the surfactant, the tail of the
DNA-lipid conjugates fuse into and wrapped up by the liposome. The successful formation
of enveloped DNA octahedron was witnessed under negative stain transmission electron
microscopy (TEM). DNase | stability of DNA octahedron was significantly elevated by the
protection membrane. In vitro immune response test over splenocytes revealed that the

interferon production decreased by over two orders of magnitude. An in vitro test in mice



also indicated prolonged circulation lifetime and slower renal removal of enveloped DNA
octahedron. Perrault and Shih’s work provided a good option to increase serum stability when
using DNA nano-structures to deliver drugs.[47] Within this review, we will begin by a brief
introduction of two common nanomachines in nature, we will follow with discussion on DNA
nanomachines that draw inspiration from four sources: (1) natural phenomena, (2) natural
mechanisms to create motion, (3) natural nanomachines, and (4) systems that incorporate
natural, existing DNA adaptive motifs. The machines will be characterized by their functioning
mechanisms and comparisons will be drawn to natural nanomotors. Additionally, we will explain
how the incorporation of natural DNA nanomotifs can create motion. We will then provide a
summary and outlook to identify potential applications within the field of nano-drug delivery,
diagnostics and biosensing, and therapeutics in relation to their primary operating mechanism.

Nanomachines are extremely significant in nature, from the intracellular pumps that
maintain homeostasis [48] to the functioning of muscle fibers,[49] even to the kinesins and
dyneins that carry molecular targets along tracks and perform functions during cell
division.[50] Nanomachines are an integral part of natural functionality. Many biological
motors, such as the actin—-myosin complex require fuel such as ATP because the myosin
head is an enzyme that hydrolyzes ATP and undergoes a conformational change, thus
allowing it and actin to move past each other.[51] Other motors that utilize the interaction of
ATP binding to cause conformational changes include transport proteins, such as kinesins and
dyneins. Kinesins are motor proteins that also function through ATP hydrolysis which
promotes binding that draws the kinesin heads forward in a stepwise fashion.[52] However, these
proteins walk along a microtubule through a “highly processive” [52] mechanism, where its two

heads binding sequentially, allowing it to move along the track. These concepts of fuel-mediated



motion and motor conformational changes are the inspiration for many of the DNA
nanomachines that currently exist. Similarly, the processional motion of motor transport
proteins, initiated by stimuli and conformational changes, is a concept that can be incorporated
into the functioning of DNA nanodevices to advance the machines such that they can

create motion and function on the nanoscale.



1.2 Strand-Mediated Displacement Motors

Like kinesin, some DNA nanomachines require external fuel for motion. Some even
walk along a track, like kinesin, towing cargo for delivery or detection. Many of these
nanomachines have provided the impetus in the development of DNA nanomachines to
create fuel-free nanomachines. We open the discussion of DNA nanomachines with a brief
introduction to nanomachines that function solely by a process known as fuel strand-mediated
displacement. Fuel strand-mediated displacement is a process that takes advantage of the fact
that a strand — one that is only partially hybridized to one strand — will preferentially bind to
strands that allow the formation of a complete duplex. DNA designers can include sequences
known as “toe-holds,” which are single-stranded overhangs, in order to facilitate this
reaction.[53] This process can be compared to the binding of ATP to kinesin, allowing the
DNA to change conformation or perform a function based on the presence or absence of the fuel
strand. Fuel strand-mediated displacement has been used to power DNA tweezers,[54] DNA

rotator motors,[55] and DNA biodetection motifs.[56]
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Figure 1.1: Strand-mediated displacement motors. (a) DNA nanotweezers functioning
through fuel strand-mediated displacement. Reproduced with permission.[54] Copyright
2000, Nature Publishing Group. (b) DNA rotary motor utilizing fuel strands to controvert
between PX and JX2 motifs. Reproduced with permission.[55] Copyright 2002, Nature
Publishing Group.




In 2000, Neumann and co-workers[54] synthesized DNA tweezers — or machines that
could reversibly open and close — that used fuel strand-mediated displacement. The design
(Figure 1.1a) consisted of three strands in its open configuration, with two of the strands only
partially hybridizing to the third. When exposed to the fuel strand, which was
complementary to the two overhangs, the tweezer closed. However, the fuel strand itself also
contained a toe-hold overhang which allowed the fuel strand to be removed when the
complementary fuel strand was flowed into the system. The reaction was cyclic and
repeatable, however it did require external input and creates waste.[54] This idea was
extended by Seeman and co-workers[55] in 2002 where the authors created a DNA rotary
nanomotor that also functioned through the use of fuel strand-mediated displacement (Figure
1.1 b). The fuel strands allowed the paranemic crossover motif PX to convert to its
topoisomer, while the overhangs in the sets of fuel strands allowed the motif to be cycled
between the two configurations in a robust manner. These motifs were included as linkages
between DNA nanostructures and are shown to be able to vary their configuration in atomic
force microscopy (AFM). Thus, this more robust motif allowed the possibility that larger
scale structures could be manipulated and used to act upon environments external to the
system.[55] One major challenge for this type of system was that fuel strand waste can have
deleterious effects on the system. Unless added in a stoichiometric amount, single strands can
remain between cycles and prematurely interact with one another, decreasing the efficacy of
the device’s cycling. Trying to correct for this error can lead to a massive quantity of waste
and make it almost impossible to operate the device. This was not a concern for duplex waste of
at least 20 base pairs because the duplex is more stable and will not interfere with the

device.[57]



Shin and Pierce[58] achieved molecule transport by DNA nanowalkers using fuel
strands. They mimicked the natural molecule motor system and replaced the ATP power by adding
DNA strands and kinesins with DNA motors. A linear DNA duplex with several handles
simulates a microtubule-like track and can guide DNA walkers across it. When triggered by
fuel strands, the walker detaches from the track and moves from handle to handle. The design
was demonstrated by gel electrophoresis and fluorescence experiments. The loading of
molecules could potentially be achieved by covalent linkage or intercalation.[58] In 2010,
Sleiman and co-workers[59] showed that DNA nanotubes are effective delivery vehicles,
fueled by strand displacement, to load and release cargo. The basic building blocks of the
nanotubes were triangular shapes with distinct sizes. The building blocks were linked together
with spacers of triangles with varying sizes. They then synthesized the DNA nanotube with
longitudinal variations of small and large capsules an alternating pattern. The authors showed
that gold nanoparticles could be captured in the nanotube through scanning electron
microscopy (SEM). The microscopy also showed that the gold nanoparticles displayed a
periodical distribution. The rigid nanotube can be loosened by a single-strand DNA through
strand displacement which released the gold nanoparticle. The authors took advantage of the
high aspect ratio, high cargo loading capacity, and high programmability of the DNA nanotube
to very precisely load and release the cargo at predesigned locations. As such, fuel strand-
mediated DNA devices are potentially useful in the nanomanufacturing of periodical patterns,
well controlled drug delivery, and biodetection.[59] Indeed, in 2016, Sleiman and co-
workers[60] presented their studies trying on a DNA nanosuitcase for site-specific small
interfering RNA or siRNA release. The DNA nanosuitcase is a cuboid consisting of 8 DNA

strands, two of which are replaced for loading siRNA drug in the center of the cuboid. The



nanosuitcase changes its conformation with the existence of trigger microRNA (miRNA) or
siRNAs, which were like the replaced strands in sequence, thus functioning through strand
displacement. The siRNA was released from the original DNA nanosuitcase and enter the cell
cytoplasm to downregulate target genes. Locked nucleic acids (LNA) components and
hexaethylene glycol spacers were inserted in the DNA strands to increase stability. The
system was tested in vitro on fixed HeLa cells with the prism designed to lose fluorescence
signal with the release of the cargo. The novel system is capable of loading, protecting, and
selectively releasing RNA drugs in specific environment, and it is potentially useful as an
effective drug delivery machine.[60]

In 2017, the lab of Tan and co-workers[61] developed a DNA nanotweezer to detect
tumor-related messenger RNA or mRNA inside living cells. They constructed a DNA tetrahedron
and attached cy3 and cy5 dyes separately on the handles at two different vertices. The target
tumor-related MRNA molecule was used as the fuel strands that bring two dyes together, which
generated forster resonance energy transfer (FRET) emission. They have demonstrated the
sensitivity and specificity of the nanotweezer by concentrating associated FRET signal change
and FRET failure in negative controls. The system has been further applied in gene differential
expression which can be used between different cell lines or same cell line with different
treatments, proving the high potential of DNA nanotweezers in the biodetectionfield.[61]

One advantage of DNA nanomachines in biosensing is that they can be designed to
function as molecular logic gates[62—64] and, as such, can be very sensitive diagnostic tools in
very specific micro-environments. The usage of this technique was pioneered by Winfree and
co-workers in 2006, who created nucleic acid circuits that functioned without the incorporation

of enzymes.[65] Winfree and co-workers hypothesized DNA nanomachinese could be used for
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biodetection where siRNA and miRNA would be system inputs. These logic gates can be
used to “enhance the smartness’[46] of the system leading to the ability to distinguish
certain environmental cues. In 2008, Qian and Winfree contributed to the practical
application by using DNA catalytic gates to construct complex logic networks or circuits by
involving thousands of different logic gates in the same system.[66] Song and co-workers[14]
utilized a DNA origami nanostructure as the scaffold for the DNA-based logic gates system.[14]
DNA origami is a technique, pioneered by Rothemund in 2006.[67] This technique is used to
create DNA nanostructures by folding a bacterial scaffold and “stapling” it with multiple
short-stranded oligonucleotides.[67] Since DNA origami contains DNA, the surface is easily
functionalizable and, as such, DNA nanomachines can be placed on the surface. Meldrum and
co-workers[68] also demonstrated in 2011 that DNA origami structures are the more stable
in cellular lysate than both single- and double-stranded DNA. When incubated for 12 h at
room temperature, with increasing concentration of lysate, the treated origami showed no
appreciable difference in comparison to the untreated origami within a native gel. AFM showed
that the origami structures, extracted from the gel, were unchanged by the lysate.[68] The work
of Song and co-workers placed logic gates on the surface of the origami to function as
microRNA sensors.[14] MicroRNA can be an excellent indicator for many diseases, including
heart disease and can used to classify cancer with high degrees of sensitivity.[69] The logic gate
indicators, microRNA-21 and microRNA-195, on the origami have the potential to detect signs
of heart failure.[14] The system consisted of a single origami substrate that utilized two
separate regions: the computation module for detection and output module for signal readout.
The computation module could function as one of two possible logic gates: one to detect

only the presence of miRNA-21 and one to detect if both miRNA-21 and miRNA-195 were
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present. Through fuel strand-mediated displacement, the microRNA replaced a signal strand of
DNA on the computation module. The biotinylated signal strand then flowed over to the output
module and bound to a strand of DNA, called capture DNA. This occurs by another fuel
strand-mediated displacement reaction as the capture DNA had to be blocked from binding to
the gate strands themselves. Readout was generated by introducing avidin into the system and
the changes were detected with AFM. This system potentially could be used for
microenvironment-specific drug delivery and for microRNA-based disease detection.[14]
Indeed, in 2017, Yuan and co-workers[70] also utilized DNA nanotechnology to create a DNA
nanowalker with the potential to be used for sensitive detection of these biomarkers. This
walker, which moves bidirectionally, allows the detection of multiple miRNA targets.[70]
Another complex nanorobot that functioned, on an origami surface, by strand displacement was
created by the lab of Winfree and co-workers in 2017.[56] This robot was able to walk on a
surface, as well as pick up and sort two distinct cargos on the origami. In many circumstances, the
target molecule can be used as fuel strands for the DNA motor. However, the amount of DNA
or RNA might be below the detection threshold. To solve this problem, researchers have
developed other DNA cascade nanomachines to amplify the signal while using fuel strands as
catalyst to initiate the reaction. In 2015, Jia and co-workers[13] developed a cascade DNA
nanomachine to detect tumor related genes in vitro. The authors adopted a dual-cyclical
nucleic acid strand-displacement polymerization (dual-CNDP) strategy to amplify the signal.
Target DNA (fuel strands) was used repeatedly like catalysts to involve more and more effectors
to generate strong fluorescent signal in presence of target DNA. The DNA nanomachine was used
to detect tumor suppressor gene p53, its mutants and measure p53 concentrations. The dual-

CNDP exponential amplification was also proven to perform more sensitively than any
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single CNDP process[13] Similar to the research of Jia and co-workers, Shen et al.[71]
constructed the molecular beacon-padlock probe (MB-PP) system for the sensitive detection
of the K-ras gene mutation. The padlock probe was ligated into a circular form with the target
DNA, then rolling circle amplification (RCA) was applied to amplify the signals. Afterward, the
molecule beacon turns on through a series of cutting and conformational changes. The authors
demonstrated the increase of fluorescence density after being exposed in K-ras DNA. Further,
they showed a differential fluorescence pattern between wild type K-ras gene and mutants.
This new system sensitively detected cancer related genes and their point mutations,
providing a promising tool for early clinical diagnostics.[71] Chen and co-workers[72] also
published their studies using the RCA process to amplify signal for biodetection in 2017.
They combined a DNA tetrahedron structure with an electro-chemiluminescence platform

together to construct a biosensor. Subsequently, the DNA tetrahedron provided a scaffold for

capturing glucose oxidase (GOD)-labeled DNA and [Ru(bpy)s]?" and the electro-

chemiluminescence platform used the captured GOD-labeled DNA and glucose to generate

H,0, and to quench [Ru(bpy)s]>*. The target DNA initiated and activated the toehold strand
displacement reaction to release GOD-labeled DNA for tetrahedron capturing. This target
DNA repeatedly enters the cyclic strand displacement reaction to release GOD-labeled DNA
strands and amplify the signal. Toehold strand displacement took place in equilibrium without
base pair gain or loss to increase specificity. The biosensor demonstrated a wide detection range
from 100 x 1078 to 10 x 10712 M and a high detection limit of 40 x 10718 M, which is extremely
promising in DNA analysis. Overall, either dual-CNDP or RCA technique helps to amplify the
signal with limited amounts of the target molecule, highlighting their potential application in

future bio-detection.
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1.3 DNAzyme Motors

It is possible to trace the origin of DNA nanomachines to the fuel stranded machines,
however, as discussed earlier in the review, they require external manipulation and can create a
buildup of fuel strand waste. Therefore, one of the methodologies that nanoengineers used to
tackle this problem is the incorporation of natural, catalytic DNA sequences called
DNAzymes.

DNAzymes are sequences of single-stranded DNA (ssDNA) that act as catalytic
modalities. DNAzymes can cleave mRNA, siRNA, or microRNA molecules. They function
similarly to siRNA in that, through their cleavage of very specific mMRNA sequences, they can
cause downregulation of undesirable proteins. Through modifications, DNAzymes are stable in
solution for up to 2-3 days depending on the conditions. These tiny DNA nanomachines are
used widely in biomedicine, including the inhibition of RNA viral replication, cancer
therapeutics, tumor inhibition, other disease modalities relying on mRNA disruption. Further,
DNAzymes have potential usages in sensing applications as well.[73] This work is well-reported
in literature. For example, Mao and co-workers[74] designed a motor that incorporated and took
advantage of the autonomous nature of a DNAzyme. Bishop and Klavins improved upon the
motor of Mao et al. in 2007 by including ribonuclease H in the system to digest any waste
strands, thus preventing loss of function in the motor.[75] In 2005, Mao and co-workers[15]
advanced the field by incorporating a DNAzyme into a system to act as nanomachine
walker along a track. Due to the specific cleavage nature of the DNAzyme, the machine was
able to move autonomously along a track comprised of RNA substrate without the addition of
strands to fuel its motion. The autonomous motion of this track — which did not require the

creation of stoichiometric duplex waste within the system — combined with the many potential
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DNAzyme applications discussed above suggests that this machine could be adapted for use as

biosensor and signal amplifier in the case of MRNA diseases.[15]

1.4 Light- and Heat-Fueled Motor

We can also look at utilizing environmental triggers in place of fuel strand-
mediated changes, for example the use of light. This can be achieved through the
incorporation of a photo-sensitive modality like azobenzene into the DNA nanostructure. This
will allow the machine to switch configurations, depending on the cis-trans isomerization of the
azobenzene.[34] This was shown in 2008, when Asanuma and co-workers[36] created a
DNA nanomotor that functioned reversibly through the use of a DNA strand modified with
azobenzene. When the azobenzene was in its trans configuration, the tweezer was held
closed. However, when exposed to UV light, the azobenzene strand dissociated as cis-
azobenzene which destabilized base-pair stacking. Unlike fuel strand-mediated tweezers, this
reaction produced no waste, allowing rapid cycling efficacy even after ten cycles.[36] The
same group extended the usage of azobenzene in DNA nanomachines by using it to regulate
the catalytic ability of DNAzymes.[37]

Heat can also be used as an an environmental trigger for DNA nanomachines. This was
shown in 2013 by Ho and co-workers[76] where they demonstrated a temperature-responsive
enzyme encapsulation and release by a DNA nanocage. The authors replaced one vertex
with a 32-nucleotide long DNA strand which formed hairpin structures at lower temperatures.
As the temperature increased, the hairpin structure change conformation. They used the
nanocage to encapsulate and release horseradish peroxidase (HRP) protein. The authors

showed that encapsulation occurred by decreasing the temperature from 37 to 4 °C and protein
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release was achieved by returning to 37°C. This was shown in gel electrophoresis studies
which indicated the retention of the enzyme in the nanocage at 4 °C and the release in
nanocage at 37 °C. The authors developed the temperature-responsive system for enzyme
encapsulation and release while maintaining the enzyme functionality in the carrier. This has
potential usefulness in drug delivery and single molecule detection.[76]

Consequently, there are many DNA nanomotors that derive inspiration from biological
motors. These motors are the building blocks for nanoscale DNA-powered motion and
contribute to the creation of highly sensitive diagnostic and delivery tools. Many of these tools

will be incorporated into later motifs discussed during this review.
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1.5 I-Motif-Powered Motors

Not only can we draw inspiration from nature to create functioning DNA nanomachines,
but we can also incorporate natural DNA sequences within our synthetic designs. By doing so,
we can create responsive functionalities and conformational changes that react to specific
microenvironments, which allow eventual responsiveness for targeted action. There are DNA
sequences, which are unique secondary structures, that respond to pH stimuli in the
environment and DNA sequences whose unique structures allow them to bind with specific
small molecules, proteins, and certain elements.[77] The initial inspiration for these types
came from a motor synthesized in 1999 by Seeman and co-workers. The work showed that the
motor underwent a conformational change from B DNA to Z DNA based on environmental
conditions.[78] DNA sequences that are rich in cytosine can form two intercalated parallel
duplexes under low pH through the hemiprotonation of a cytosine—cytosine pair.[43] This
structure has a height proportional to the length of the ssSDNA sequence.[44] Consequently,
this structural formation change can be incorporated into DNA nanodevices for usage in
biomapping and therapeutic delivery due to the acidification of late stage endosomes.[42] In
2009, Krishnan and co-workers[33] utilized this motif — known as an i-motif or intercalated
motif — and created a DNA nanomotor that mapped pH change from an early to late stage
endosome. This nanoswitch would close in response to low pH and displayed a fluorescent
signal. The switch was cyclic, which demonstrates the ability of DNA nanodevices to be
robust and work within functioning cells. Further, this work demonstrated the ability of DNA
nanodevices to take advantage of cellular microenvironment changes.[33] The same lab
extended this work to living organisms, specifically the nematode Caenorhabditis elegans[79]

(Figure 1.2a). This work demonstrated that an i-motif-based nanomachine can maintain
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function within a living organism.[79] In 2009, Zhou and co-workers[80] synthesized a
nanotriangle nanomotor, similar to that of the nanomotor of Krishnan et al.,[33,79] that could
open and close in response to environmental stimulation. However, Zhou et al. utilized an i-motif
structure as the trigger strand, where another strand was able to bind to it under higher pH, thus
allowing the motor to close under low pH and reopen when the pH is switched back. This
device has potential for drug delivery under cellular or extracellular microenvironment
conditions due to both endocytotic acidification and tumor acidification. The authors also posit
that by combining multiple machines, a structure that functions similarly to muscle fiber
could be created where the i-motif structure formation would simulate a contraction.[80]
The lab of Willner and co-workers[81] also created a DNA tweezer that utilized the properties
of the i-motif to change machine conformation with respect to pH. When the pH was lowered,
the tweezers released a strand that was holding them in a closed position by forming two i-motif
structures. This strand functioned in opposition to the second pair of tweezers as a closing strand, such
that when the pH was lowered, the first set of tweezers opened and the second set of tweezers
closed. This was found to be reversible because the fuel strand to close both tweezers was more
favorable to hybridize with the pH-responsive tweezers than not, but was forced to release
during the formation of the i-motif.[81] The i-motif was also utilized by Fan and co-workers,
who created an adaptable DNA tetrahedron that could function as logic gates.[82] One edge of
the tetrahedron functioned as a sensor that was responsive to microenvironment conditions.
During the annealing process, the tetrahedron was flexible enough that the sensing strand was
switched out for other potential sensing DNA sequences. Depending on the sequence(s) used
in the responsive strand, various types of DNA logic gates were constructed. The i-motif

sequence allowed for the construction of an INH gate. Gates such as an OR gate, XOR gate,
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and an AND gate were constructed using various DNA sequences that are responsive. The
flexibility of this system, and the fact that this work proved the functionality of the tetrahedral
sensors in vivo, suggests that a wide range of smart biosensing and detection at the cellular
level can be developed.[82] Recently, LaBean and co-workers[44] synthesized DNA origami that
was able to actuate spatially through the incorporation of i-motif sequences (Figure 1.2b). The
authors mentioned that the length of the actuation can be designed through the length of the i-
motif sequence.[44] Thus, the incorporation of pH-responsive DNA i-motifs have many
potential benefits to help understand and map cellular pH on a deeper level. These motifs also
clearly have potential in targeted release due to tumor acidification and late-stage endosome

acidification.
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Figure 1.2: (a) i-Motif switched used to map pH inside a living organisms. Reproduced with
permission.[79] Copyright 2011, Nature Publishing Group. (b) DNA origami actuated through
the incorporation of the i-motif sequence. Reproduced with permission.[44] Copyright
2017, American Chemical Society.

In contrast to the usage of the i-motif, the lab of Lee and DeRosa[83] created a pH-

responsive DNA nanostructure that took advantage of the unique nature of the adenine—guanine
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(A—G) mismatch. The A-G mismatch becomes more stable under low pH, as confirmed by
melting temperature data, and this property allowed Lee and DeRosa to create a simple motor
that undergoes conformation changes based on pH changes. The A-G mismatch requires less
space than i-motif within the DNA design and it could potentially decrease the limitations on
other sequence designs since it does not require a repeating cytosine motif, making it a

potentially more advantageous option to the i-motif[83].
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1.6 DNA Triplex-Based Motors
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Figure 1.3: DNA tweezers powered through triplex binding and fuel strand-mediated displace-
ment. Reproduced with permission.[86] Copyright 2008, American Chemical Society.

Another potential pH-responsive DNA structure, existing in nature, is that of the DNA
triplex. Triplex DNA is stabilized through Hoogstein hydrogen bonding in the major groove of B
DNA.[84] Depending on the type of triplex, purine or pyramidine, the structure can be designed to
be responsive to low pH. This is because purine triplexes are stable at physiological pH where
pyramidine triplexes form at low pH. Thus, with the incorporation of pyramidine triplexes,

we can create pH-responsive DNA nanomachines.[85] The lab of Mao and co-workers[41]

created a DNA nanomachine by utilizing the pH responsiveness of a C*G-C DNA triplex
sequence. The three-strand design formed a triplex under low pH, closing the machine, and
reopened under higher pH. The machine did not require any external fuel strand DNA and
thus did not create DNA waste within the system.[41] In 2008, Deng and co-workers[86]

utilized the pH-responsive DNA triplex motif and fuel strand-mediated displacement to create
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DNA tweezers that can actually capture and hold a target (Figure 1.3), like actual tweezers.
The target DNA sequence contains a sSDNA region nestled between two duplexes that
formed a triplex tweezer complex under low pH (5). The full tweezer complex structure was
set through the addition of another strand which closes the tweezer motif, effectively trapping
the target DNA. With an increase in pH, to 5.7, and the addition of a strand that was more
fully complementary to the set strand, the target DNA sequence was released. This concept
was tested through FRET quenching experiments.[86] Similar to the motor created by
Krishnan and co-workers, Tan and co-workers[87] created a device to map intracellular pH
by utilizing the DNA triplex motif and FRET. This work utilized polyethylenimine (PEI) to
protect the DNA switch from enzymatic degradation and to aid in cellular internalization,
although their motif was able to enter the cell without the PEI entirely.[87] In 2013, the lab of
Mao and co-workers[88] created a DNA tetrahedron that can assemble into a 3D structure in
response to pH, utilizing a combination of the CGC DNA triplex motif, which is pH responsive,
and the TAT triplex motif, which is unresponsive. These three stranded motifs formed a DNA
star under alkaline pH, however, as the pH decreased, the cytosine hemiprotonated and
transformed the star motif into a tetrahedron. As with the other pH-responsive motifs discussed
during the review, this motif could potentially be utilized for pH-triggered therapeutic release
or pH related biodiagnostics. Recently, Ricci and co-workers[89] synthesized a DNA
nanodevice that opened and closed in response to an antibody cue due to the attachment on
an antigen. The machine functioned by binding to an antibody cue which forced dissociation
of a triplex structure holding the device closed by destabilizing the Hoogstein bonding that was
essential to triplex formation. This reaction allowed a DNA payload sequence to be rapidly

released in direct, proportional response to that specific antibody key, such as an anti-human
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immunodeficiency virus (HIV) antibody, an anti-Digoxigenin antibody, and an anti-
dinitrophenol (DNP) antibody. The nanodevice would allow potential delivery of therapeutic
nucleic acid sequences such as siRNA or microRNA.[89] Inspired by hemoglobin functionality,
Ricci and co-workers[90] also developed a DNA-based nanodevice with multiple binding sites
for cargo loading and release, which is a process that is well controlled by allosteric effectors
or environmental conditions like pH and temperature. This machine utilized triplex
interactions. The authors built an in vitro system with molecule beacons to characterize the
cargo loading and release profile. The project successfully mimicked heterotropic allosteric
effects, inverted Bohr effect, and temperature dependence in the artificial system. It was the
first artificial DNA nanodevice which mimicked complex nature-inspired control mechanisms,

which can be useful for diagnostics and drug delivery.[90]
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1.7 G-Quadruplex-/Aptamer-Based Motors

It is also necessary to examine the DNA structure that has been used for DNA nanoma-
chines known as the guanine quadruplex or G-quadruplex. A G-quadruplex (Figure 1.4a) is a
DNA secondary structure that forms when two or more guanine tetrads stack in a planar fashion
through n-stacking. The guanine tetrads themselves are held together through a combination of
Hoogstein and Watson—Crick bonding. The quadruplex can be contained to a single strand or can
be formed by multiple strands and there are many potential orientations of G-quadruplexes based
on factors such as loop length and quantity of tetrads.[91] In the early 2000s, Li and Tan[92]
created a simple motor based on the G-quadruplex and fuel strand-mediated displacement
(Figure 1.4b). Similar to the i-motif motor created by Zhou and co-workers in 2006[93]
(discussed later), this motor functioned through binding to another strand, forcing the G-
quadruplex to straighten out. The G-quadruplex was allowed to reform when a third strand
was flowed that is more complementary to the strand bound to the G-quadruplex.[92]

G-quadruplexes are often the functional component of DNA sequences known as aptamers,
which are nucleic acid sequences that target and bind to small molecules, proteins, and certain
elements.[94] Aptamer-based sensors are less expensive and more stable than antibodies, giving
them distinct advantages in biosensing and diagnostics.[95] Similarly, aptamers also demonstrate
high thermostability and have “similar target-binding specificities” to antibody—antigen
interac- tions.[96] In 2004, the Lab of Simmel and co-workers[97] created a nanomachine
based on the G-quadruplex thrombin binding aptamer. The machine could bind and release

thrombin by utilizing fuel strand-mediated displacement. A fuel strand, called the opening
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strand, with an overhang was introduced into the system and bound to much of the sequence
that included the thrombin binding aptamer. The binding disrupted the guanine tetrads and
forced the aptamer to release the protein. The aptamer structure was recovered when a second
strand — one completely complementary to the opening strand — was introduced into the
system. Like other fuel strand motifs, this system generated waste, however the aptamer motor
experiment was the basis for other catch and release thrombin and protein motifs that can be

used for sorting, biodiagnostics, and smart delivery.[97]

(mixed-1) (mixed-l) % ;é‘\immi‘*

Figure 1.4: (a) Guanine quadruplex configurations. Reproduced with permission.[91]
Copyright 2013, Oxford University Press. (b) Fuel strand-mediated powered Guanine
quadruplex-powered motor. Reproduced with permission.[92] Copyright 2002, American
Chemical Society.

Cancer cells often demonstrate changes in regulation and expression of cellular mem-
brane receptors. We can use this knowledge and DNA nanodevices to target those cancer cells,
whether they overexpress or underexpress certain signals.[63] Perhaps one of the most interesting
nanorobots that takes advantage of this phenomenon would be the aptamer logic-gated nanorobot
that was fabricated in 2012 by Church and co-workers.[11] As seen in Figure 1.5, DNA origami
has been used in many different cases to construct DNA nanomachines, including DNA boxes

and hatches used to encapsulate a payload.[98] The origami nanorobot, fabricated by Church and
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co-workers, contained binding regions inside for cargo transport. The binding regions were
locked by aptamer locks that only opened when both protein cues were available. This resulted
in a nanorobot that functioned as an AND gate and removed the possibility for delivery under
false positive conditions. The aptamer locks were specifically designed to be sensitive, but also
to avoid spontaneous activation by tailoring the length of the binding duplex. The highly

sensitive locks were tested against specific cell lines that expressed combinations of antigens
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Figure 1.5: (a) Aptamer logic gate keyed nanorobot for drug delivery. Reproduced with
permission.[11] Copyright 2012, The American Association for the Advancement of Science.

(b) Logic-gated ‘“Nano-Claw” for delivery and diagnostics. Reproduced with permission.[63]
Copyright 2014, American Chemical Society.

that activated all aptamers in the locks. They found that the locks were highly specific and
only activated in the presence of the cell population that expressed the precise combination of
antigens. Further, the robot showed potential for targeted drug delivery because it was able
to stop growth in leukemia cells. The robot could also induce T cell signaling pathways by
collecting flagellin from solution. These characteristics suggest that the robots could also be
used for scavenging applications.[11] Similar to the nanorobot demonstrated by Church and co-
workers, the Lab of Tan and co-workers (Figure 1.5 (b))[63] created a “nano-claw” to interact

with various levels of cellular membrane markers and perform therapeutic actions
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autonomously. This functional DNA nanodevice was able to both generate diagnostic signals
and release therapeutic modalities. Like the robot of Church and co-workers, this robot requires
multiple inputs (i.e., AND gate or INH gate) to avoid false positives in reporting and release.
The nano-claw was designed to require two or more binding inputs for aptamer-based “capture
toes” — or aptamer sequences bound to complementary DNA. Once the target is available, the
complementary DNA was released and bound to an “effector toe,” which caused a
diagnostic or therapeutic action to occur. This type of technology provided a level of
specificity and prevented false negatives in theranostics.[63] In 2015, the Lab of Tan and co-
workers[99] also created a highly specific, logic-gated aptamer-based Boolean cascade with
“12 three-input conditions and 2 four-input conditions” for cancer diagnostics. The cascade
allowed for incredibly selective delivery based on either the presence or absence of necessary
cell markers.[99] Funabashi and co-workers[100] utilized the G-quadruplex motif and created
a DNA nanosensor for nucleic acid sequences that could demonstrate a colorimetric readout.
The three-stranded design contained two strands with sites that recognized the nucleic acid
target and a third strand that contained a split G-quadruplex (half of the sequence on one end
of the strand and the other half on the other end of the strand). When the desired target
hybridized to the target recognition sequence, the device closed and allowed the split strand G-
quadruplex to form its secondary structure. This allowed the device to function as an aptamer
and bind to hemin. Further, this allowed 2,21-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) to be oxidized in the presence of hydrogen peroxide, which produced a
colorimetric signal. With this design, the authors were able to detect norovirus mRNA with a
minimum concentration of 4 x 107 M. This device has the potential to act a sensor for many

nucleic acid disease indicators because it could easily be modified to various desired target
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sequences. However, there are some drawbacks relating to free hemin in solution which limits
the device sensitivity.[100]

In 2017, Tanner and co-workers[39] demonstrated a colorimetric aptamer-based sensor
to detect a malarial biomarker by incorporating a split version (similar to that of Funabashi and
co-workers) of the Plasmodium falciparum lactate dehydrogenase aptamer within DNA tweezers.
In the presence of the protein, the split aptamer bound the protein and forced a split G-
quadruplex to form and bind to hemin, which, in the presence of hydrogen peroxide, oxidized
ABTS and yielded a colorimetric readout.[39] As such, it is easy to visualize the massive
advantage that natural aptamer sequence-incorporated smart DNA nanomachines have in site-specific,
targeted therapeutic delivery and diagnostics.

Recently, in2017, Liand co-workers[101] combined both aptamer DNA and G-quadruplex
DNA to synthesize a DNA-based ATP nano-biosensor. This system consisted of a three-strand
design that, without the presence of indicator Thioflavin T or ATP, formed a single strand
triangle in the middle, surrounded by three pairs of duplexes. The single-stranded region of this
three-way junction contained three ATP aptamers to capture the target molecule of ATP.
Thioflavin, a ligand that was bound to the ATP aptamer, acted as a fluorescent indicator for
the binding of ATP to the aptamer. This mechanism occurred by thioflavin competitively
binding to the aptamer in the absence of ATP and releasing once ATP is present. Once a
release strand that contained a G-quadruplex sequence hybridized to the ATP aptamer, the
ATP was released and the Thioflavin was captured by the release strand. The system can be
reset with the addition of another strand.[101] At the beginning of 2017, Qiu and co-
workers[102] modified exosomes with an aptamer-based nanoarchitecture. Exosomes, which

are extracellular vesicles, are biocompatible and carry many biomarkers, thus allowing for
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potential usage in disease diagnostics and drug delivery. Exosomes presented challenges in
modifying the surface, however, aptamers allowed researchers to overcome those challenges by
binding to molecules expressed on the surface of the exosomes.[102] Therefore, the potential of
incorporating natural motifs into our DNA nanomachines was easily visualized as they can

function as detection modalities, delivery modalities, and as a surface modification technique.
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1.8 Summary and Future Outlook

Bioinspired DNA nanomachines have revolutionized bio-diagnostics and have great
future potential to revolutionize targeted, smart therapeutic delivery. By combining bioderived
mechanisms and natural DNA motifs with special properties, researchers can create
uniquely sensitive devices with the ability to smartly diagnose and treat specific diseases in a
targeted fashion. DNA nanomachines have the capacity to greatly increase diagnostic sensitivity
through amplification reactions that are triggered by small quantities of disease analyte. The
incorporation of natural DNA motifs can also be used to create diagnostic readouts for the
detection of often fatal diseases. Due to their unique flexibility and ease of functionalization,
DNA nanostructures and machines can be made to target specific cellular populations due to
irregularities in their microenvironments or on their cellular surface or carry very high loads of
therapeutic or diagnostic motifs. The future of bioderived DNA nanomachines for biological
applications is incredibly wide and varied and there are many motifs and machines that could
be used eventually in a clinical aspect, however there is still a dearth of translational DNA
nanomachines used clinically. Yet, we believe that through their ability to both derive
inspiration for functionality from mimicking natural nanomachines and their ability to incorporate
natural motifs, these DNA-based nanomachines and hybrid motifs will become an integral
point-of-care diagnostics and smart, site-specific therapeutic delivery.

Chapter 1, in part, is a reprint of the paper published in Advanced Healthcare Materials,
2018. Chava Angel, Mingxuan Kai, Sibai Xie, Xiangyi Dong, Yi Chen. The dissertation author

was co-author.
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Chapter 2

Dissociable DNA Nanogel

ABSTRACT. DNA nanotechnology has great potential for smart therapeutic delivery.
We propose a new drug delivery platform that consists of pure DNA strands inspired by viruses’
pH-responsive properties. This platform adopted a G-quadruplex structural configuration and
induced a pH-responsive unit called intercalated motif (i-motif) as a pH-responsive unit for
dynamic conformation change. The system was then modified with folic acid on the surface to
enhance receptor-mediated cancer cell uptake. During endocytosis, the drug release procedure
was initiated by i-motif-related nanogel dissociation, which responded to the local environmental
switch from neutral to acidic. To demonstrate this concept, doxorubicin (Dox) was loaded onto
DNA. Drug release was tested by Dox fluorescence recovery. The results showed that 56% of the
cargo was released immediately after pH change. Cytotoxicity was then tested on folate receptor—
enriched MCF-7, MDA-MB-231, and KB cells. The pH-responsive DNA nanogel decreased the
IC50 from 1.3 to 0.5 uM and was 40% more cytotoxic to targeted cancer cell lines ina 1 uM drug
dose compared to free Dox. Compared with a pH-insensitive DNA nanogel, the dissociable

nanogel decreased the IC50 more than threefold.
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2.1 Introduction

The enhanced permeability and retention effect [1, 2] allows nanoscale particles to
accumulate in tumor tissues because of these tissues’ higher nutrition demands and looser blood
vessel junctions. Various drug delivery systems [3-11] have been developed in the past decades,
including polymer nanoparticles [5,8], liposomes [10, 11], and some inorganic materials [3, 9].
Several nanoscale delivery systems have already been approved[12-23] for clinical therapy and
have significantly improved the efficiency of drug delivery compared with traditional delivery
methods. Polymer-based nanoparticles (Polyethylene glycol (PEG)-conjugation[12,13],
micelles[14], and dendrimers[15]) are used to prolong the circulation time and improve the
targeting effect. Liposomes[16-19] have been widely used in small-molecule drugs and vaccine
delivery (i. e., Covid-19 mRNA vaccines[19]). Hydrogels[20-21] provide a tunable platform with
a high water content and improved sustained release. Inorganic particles[22], such as silica
nanoparticles[22], can be used for external stimulus-response (i.e., thermal heating[22]).
However, the existing drug delivery systems still pose challenges. To increase their
biocompatibility, circulation time, targeting effect, and controllable release, drug delivery systems
must be multifunctional[14, 16]. However, multifunctional designs are complex and less
programmable and may cause issues such as impurity and wide size distribution[23]. As
discussed in Chapter 1, DNA-based platforms can perform diverse functions using different DNA
motifs or sequence designs for base pairing, which are characterized by highly programmable
self-assembly procedures and nano-size precision. Previous research has revealed two major
DNA dynamic interactions, the Watson-Crick[24-29] and Hoogsteen base pairs[30-33], both of
which follow clear rules and enable programming for artificiall DNA structures. DNA

nanotechnology provides state-of-the-art platforms in nanomedicine because of their
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biodegradable and programmability [34].

Hydrogels [20-21, 35, 36] are excellent candidates for drug delivery because of their large
pore sizes and loading capacity in the water phase. DNA hydrogels[35-37] are made of multiple
building tiles that are cross-linked by stacking hydrogen bonds to assemble into the porous
structure. An enzyme-catalyzed assembly method for the synthesis of DNA hydrogels was first
reported in 2006 [35]. Different DNA nanogels could be produced by designing different building
tiles. Li et al. reported the self-assembly of a DNA nanohydrogel for targeted gene regulation
therapy [37]. However, DNA building tiles require long annealing times under exact temperature
gradient conditions.

In this study, we employed a guanine quadruplex (G-quadruplex) structure to build a
nanogel. G-quadruplex [30, 38, 39] is a specific DNA motif different from the Watson-Crick
interaction, in which four guanine bases form a square planar arrangement square by Hoogsteen
binding. Compared to the existing DNA nanostructure synthesis procedures, G-quadruplex is
instantaneously formed and remains stable in the circulation system[40]. In 1910, Bang et al.
reported the formation of a gel using a high concentration of guanylic acid[41]. Gellert et al.[42]
found that four guanine molecules formed a square planar structure in which each guanine
interacted with two adjacent guanines through Hoogsteen binding. When a monovalent cation is
introduced into the structure, the ion occupies the central position between the stacks, thus
enhancing the structure. Monovalent cations, especially potassium, are required to maintain the
stability of the G-quadruplex structure. An instantaneous potassium-triggered G-quadruplex
structure formation was reported in 2017 [43]. The G-quadruplex structure shows higher
biostability, which improves heat and denaturation resistance, both in vitro and in vivo[44].

As previously discussed, controlled release is an essential step for drug delivery systems
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[45,46]. Various triggering mechanisms, both internal and external, have been developed [47, 48].
As external triggering mechanisms require devices or extra procedures, the direct use of internal
physiological conditions is preferred. Among internal triggering mechanisms, pH-based
triggering [49] is a promising method. During endocytosis, the pH of the endosome decreases
from 7.4 to approximately 5. In human influenza [50, 51], the virus travels along the endocytic
system toward late endosomes, where the environment becomes acidic (pH 4-6). The pH change
causes a conformation change in the glycoprotein hemagglutinin (HA) to enhance envelope
fusion, followed by viral core disassembly in the cytosol and viral ribonucleoproteins (RNPs)
entering the nucleus. Inspired by the pH-responsive dissociable properties of viruses, we propose
a dissociable DNA nanogel.

Various DNA motifs are used to achieve pH-responsive behaviors. The intercalation
cytosine motif (i-motif), first characterized in 1993 [52], is a DNA motif with the ability to
change its conformation at different pH levels. Poly-cytosine sequences form the i-motif structure
under a pH of less than 7 because protonation induces Hoogsteen bonding with cytosine (C:C+).
Cheng et al. [53] integrated the i-motif into cross-linking to create a fast-responsive pH triggered
DNA hydrogel.

In this Chapter, we used this technology to create nanoparticles for pH-based drug
delivery. Drugs can be loaded onto the proposed DNA nanogel under physiological conditions
and released during endocytosis. To test our platform, we chose doxorubicin (Dox) as a model
drug. When DNA carriers travel in the circulation system, DNA can be easily degraded[54]. PEG
has been reported to prolong the circulation time[12]. We designed the DNA nanogel to have
non-hybridized 20A single strands hanging from its surface for easy binding to PEG-modified

20T single-stranded DNA.
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Figure 2.1: Schematic drawing of DNA nanogel formation and acid dissociation. Stage I:
Nanogel formation by single-stranded DNA contains poly-G (forming a G-quadruplex) and
an i-motif region (hybridized with its complementary strands) in the presence of Mg?* and
K* to form the nanogel. Stage Il: When pH decreases to acidic levels, the DNA duplex
dissociates, followed by i-motif structure formation.

As previously reported [55], DNA structures are difficult to deliver to cells, and folic acid
is a widely used targeting agent for DNA carrier delivery. Cell membranes consist of a
phospholipid bilayer embedded with various lipids and membrane proteins. Negatively charged
nucleic acids are not easily taken up by cells without transfection agents. Although some DNA
nanostructures can be taken up through caveolin-dependent receptor-mediated endocytosis,
strategies to improve the targeting effect are needed. Conjugation with cell ligands [55, 56] is a
widely used method for the uptake of DNA structures through receptor-mediated endocytosis.
Because folate receptors are overexpressed on cancer cell membranes [55], folic acid is
conjugated to DNA structures to produce a targeting effect. Mao et al.[57] conjugated folic acid
to DNA nanotubes to improve uptake by HelLa cells. Similarly, Lee et al[58]. transfected a folate-
modified DNA tetrahedron to KB cells. In this study, we modified the surface of the DNA
nanogel with PEG-folic acid to prolong its lifetime and enhance cancer cell targeting. We

conjugated PEG-modified 20T single-stranded DNA with a thiol group using folic acid—
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maleimide to form single-stranded DNA modified with PEG—folic acid for easy binding to 20A

overhanging the DNA nanogel.

2.2 Design
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Figure 2.2: Schematic design of dissociable DNA nanogel drug release system. I, specific
binding of nanogel to the over-expressing receptors on the tumor cells triggers receptor-mediated
endocytosis; I, pH decreases and DNA nanogel dissociates followed by small molecule drugs
release; 111, diffusion of the released drug.

The proposed G-quadruplex-based DNA nanogel is illustrated in Figure 2.1. Stage |
shows the nanogel formation. Under physiological pH, in the presence of Mg?*, the i-motif
sequence (green) and its complementary sequence (brown) hybridize and form double-stranded
DNA. Both the i-motif strand and its complementary strand have poly-G bases at the 3’ end.
Thus, four poly-G bases form a G-quadruplex unit, which connects four strands and forms a
cross-linking three-dimensional structure, which is called a nanogel system. Stage Il shows
nanogel dissociation under an acidic pH. C-rich i-motif strands designed to have C bases become

pronated due to the low pH and form an intramolecular quadruplex i-motif structure. At the 5’
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end of the i-motif/complementary strands, a sticky end (20A) was designed for further
modification. Different functional elements, including antisense oligonucleotides for gene

silencing, aptamers for targeting, and surface modification, can be designed for various

applications.
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Figure 2.3: Synthesis of the DNA nanogel system by reverse emulsion.

Figure 2.2 shows an application of our dynamic dissociable DNA nanogel for cancer
therapy. We chose Dox [56] to test the pH-responsive nanogel platform not only because it is
widely used as an anticancer drug but also because its fluorescence property can be used to assess
its loading onto the DNA duplex. When pH decreases during endocytosis, Dox loaded between
base pairs is released because of the dissociation of the double helix. We modified folic acid on
the surface of the nanogel for overexpressed folic acid receptor cancer cell targeting. In Stage I,
the Dox-loaded DNA nanogel is taken up by cells via receptor-mediated endocytosis, during
which the pH decreases from physiological levels to ~5. The i-motif is an energy-preferred

structure compared to the double helix under acidic pH condition. It releases the complementary
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strands to form an intramolecular i-motif structure, causing DNA nanogel dissociation. Drugs
loaded onto the DNA nanogel are released and diffused into cytoplasm, finally accumulating in
the nucleus and inducing cancer cell death. We used a DNA nanogel without the i-motif design as
a control. This nanogel underwent no conformation change in an acidic microenvironment.

We employed a reverse emulsion system to synthesize the DNA nanogel (Figure 2.3;
detailed description in Section 2.6) and ultrasonication to form the emulsion system. We used
cyclohexane as the oil phase and Span 80 as a surfactant. We formed the DNA nanogel in the
inner water phase in the presence of K* and Mg?*, followed by the addition of DNA strands
modified with folic acid to conjugate it. Then, we obtained the final product by washing away the
surfactant after centrifugation using tetrahydrofuran (THF) and dispersed it in a phosphate-
buffered saline (PBS) buffer.

The 20A overhang on the DNA nanogel are able to hybridize with a modified 20T
strands. The modified 20T strand will be using a thiol maleimide click reaction. That is to say
20T DNA strands will be produced with a thiol group at the 3’ end, which is prepared for
conjugate with functional targeting structures[55,59,60] like arginylglycylaspartic acid (RGD),

ligand of numb protein (LNX) or folic acid.
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2.3 Characterization
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Figure 2.4: Formation of the DNA nanogel. (a) 1% agarose gel. Left: single-stranded DNA,
middle: DNA nanogel; right: 100-bp ladder. (b) Measurement of DNA nanogel size using
DLS.

We confirmed the formation of the G-quadruplex-based nanogel by electrophoresis
(Figure 2.4 (a)) and dynamic light scattering (DLS) (Figure 2.4 (b)). Figure 2.4 (a) shows a 1%
native agarose gel. The first lane is single-stranded DNA, the second lane is the DNA nanogel,
and the third lane is the 100-bp DNA ladder. The mobility of the DNA nanogel was considerably
lower than that of single-stranded DNA, suggesting the formation of a larger structure. Moreover,
the DLS data (Figure 2.4 (b)) showed a ~200 nm structure in PBS, further confirming the
formation of nanogel particles.

The 20A overhangs on the nanogel surface is supposed to further modification with
functional agents. The advantage of DNA modification is that the conjugation doesn’t require
reaction with the whole DNA nanogel structure, which may cause the complexity of the self-

assembly procedure of DNA nanogel. Instead, the covalent bonds with 20T-SH strands could be
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formed first and then self-assemble with the DNA nanogel that has surface overhangs to the
system. The 20T DNA strand was purchased with S-S group, which should be reduced to -SH
group by reducing agent. The other advantage of this modification is the flexibility, we can
expand similar procedure to conjugates different ligands to target different cells. In this study, we
try conjugate 20T-SH group to RGD, LNX1, and folic acid, and the successful conjugation
makes our design possible to be a general application.

a b
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Figure 2.5: High yield ligand modification on 20T DNA single strands by click reaction. (a) RGD
conjugation. Lane 1-5 RGD concentrations are fixed at 0.2 mM, which the TCEP concentration
was 0.8, 0.4, 0.2, 0.1, and 0.02 respectively. The single strand DNA concentration was fixed at 10
pM. (b) LNX1 and PEG-Folic acid conjugation. Lane 1-4 showed the conjugation of single strand
DNA-LNX1, lane 6-9 showed the conjugation of single strand DNA-folic acid.

Tris (2-carboxyethyl) phosphine (TCEP) and dithiothreitol (DTT) are widely used
reducing agents, while TCEP is reported to be more stable and effective compared to DTT. In this
study, we optimized the ratio of reducing agent to reactant and got an almost full conjugation
yield. Figure 2.5 showed the high yield conjugation of RGD, LNX1, and PEG-folic acid with 20T
single strand DNA. The lane 6 in figure 2.5 (a) and lane 5 in figure 2.5 (b) were the control that

only contained unmodified single strand DNA. All the single strand DNA concentration was
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fixed as 10 uM. Compared to other TCEP concentration, 0.1 mM showed the largest yield
according to the electrophoresis, because the same position as single strand DNA was almost
fully disappeared, and a higher mobility structure formed which is supposed to be the modified

DNA single strand.
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Figure 2.6: Characterization of G-quadruplex DNA nanogel. (a), size distribution of DNA
nanogel under SEM; (b, ¢) SEM images of DNA nanogel; (d), size distribution of DNA
nanogel under AFM; (e, f) AFM images of DNA nanogel.

To characterize the morphology of the DNA nanogel, we used scanning electron
microscopy (SEM) and atomic force microscopy (AFM), as shown in Figure 2.6. The average
diameter of the dry DNA nanogel was around 100 nm. The AFM images showed all the
distributions as well as small particles, while the SEM images showed aggregation during the
drying procedure. We also performed iridium sputtering to increase the conductivity of the DNA
nanogel. SEM showed larger particle diameters (109 nm) than AFM (97 nm). As the nanogel
tended to aggregate, we optimized the reverse emulsion parameters (such as ultrasonication and
Span 80 concentration). After optimization of the synthesis conditions and conjugation with

PEG-folic acid, aggregation was prevented, and the diameter decreased (Figure 2.7) to around 50
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nm (46 nm as measured using AFM and 68 nm as measured using SEM). This was possibly
because PEG-folate was positively charged and compressed the DNA nanogel. Furthermore,
PEG-folate conjugation prevented the DNA nanogel from aggregating, resulting in smaller
particles in the system. Moreover, ultrasonication made the reverse emulsion system more stable,

also resulting in a smaller size.
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Figure 2.7: Folic acid conjugation. (a) Size distribution of DNA nanogel after PEG-folic acid
modification. (b, ¢) SEM images of PEG-folic acid modified DNA nanogel, (c) is a
magnification of (b). Scale bar: 200 nm.

After confirming the formation of the G-quadruplex DNA nanogel, we proceeded to
apply the i-motif design. Since our platform is meant to be used under physiological conditions,
we tested the size at pH 7.4 and 5.5. We confirmed the formation of the dissociable DNA nanogel
at physiological pH by both polyacrylamide gel electrophoresis (PAGE) and agarose gel
electrophoresis (Figure 2.8 (a, ¢)). The control lane consisted of a single-stranded DNA marker,
which had the same molecular weight and bases as the single-stranded DNA that we used to
create the nanogel. When the nanogel formed, its mobility decreased because of the formation of
larger structures. The mobility difference between the sample and the control in agarose gel

indicated the successful formation of the DNA nanogel.
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Figure 2.8: Behavior of the pH-responsive dissociable DNA nanogel. (a, b) 5% PAGE gel.
(@) TAE/Mg buffer, pH 7.4; (b) MES buffer, pH 5.5. (c, d) 1% agarose gel. (c) TAE/Mg
buffer, pH 7.4; (d) MES buffer, pH 5.5. (e, f) AFM images of dissociable DNA nanogel.

To characterize the conformation change of the pH-responsive dissociable DNA nanogel,
we performed electrophoresis in buffers at pH 7.4 (Figure 2.8 (a, ¢)) and 5.5 (Figure 2.8 (b, d)). In

Figure 2.8 (a—d), the first lanes are single-stranded DNA, the second lanes are dissociable DNA,
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and the third lanes are the DNA ladder (PAGE) or DNA marker (agarose gel). The pH-responsive
DNA nanogel could not run into the 5% PAGE gel (Figure 2.8 (a, b)), suggesting that a new
DNA product with a greater molecular weight was formed. Although most of the DNA nanogels
were in the sample loading zone and could not run into the gel, differences in gel bands could still
be observed. Notably, at pH 5.5, more DNA strands dissociated and ran into the PAGE gel
because the intensity of that lane was higher. Moreover, at pH 7.4, the DNA nanogel did not have
a band at the single-stranded DNA position, while there was a faint band in the DNA nanogel

with mobility similar to that of single-stranded DNA, which indicated its dissociation at pH 5.5.

Figure 2.9 AFM images of dissociable DNA nanogel. (a) pH 7.4. (b) pH 5.5. The right-hand
AFM image shows a magnified area of the left-hand one. All scale bars: 100 nm.

Although more DNA strands dissociated and migrated into the PAGE gel under the lower
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pH condition, the major bands were stuck in the well because most DNA structures were still

intact, held together by the G-quadruplex structure. This is because G-quadruplex has a wider pH
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Figure 2.10: Size distribution of the dissociable DNA nanogel obtained from AFM images
(analyzed using Imagel). (a) pH 7.4. (b) pH 5.5.

tolerance range, which makes it less vulnerable to pH changes.

To compare the sizes of the larger DNA structures, we chose 1% agarose gel (Figure 2.8
(c, d)) to compare the conformation changes under the different pH conditions, as it permits
larger structures. The comparison showed that the pH-responsive DNA nanogel had higher
mobility in the acidic condition (pH 5.5) than in the physiological condition (pH 7.4).

Moreover, whereas the distances between single-stranded DNA and the marker at pH 7.4 and
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5.5 were the same, the distance between the DNA nanogel and the marker at pH 5.5 was half
of that at pH 7.4, confirming the dissociation of the pH-responsive DNA nanogel under acidic
conditions.

AFM air-mode images (Figure 2.9) further confirmed the dissociation of the pH-
responsive nanogel under acidic conditions. The nanogel had a smaller size and an irregular
shape at pH 5.5 compared to pH 7.4 in terms of both diameter and height profiles. The
diameter was 43 nm at pH 7.4, while the size changed to less than 15 nm at pH 5.5, as
measured using ImageJ (Figure 2.10). Notably, the height was around 1.5 nm at pH 5.5 and

around 9 nm at pH 7.4, further confirming that the nanogel dissociated under acidic
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Figure 2.11: Size distribution of the dissociable DNA nanogel measured by DLS. Blue: size
distribution at pH 7.4. Red: size distribution at pH 5.5.

DLS (Figure 2.11) also confirmed the size difference under the different pH conditions.
The DNA nanogel dissociated under acidic pH, which resulted in an irregular shape, as
revealed by AFM. The DLS data lacked this information. Although DLS is not an ideal

method for nanogel characterization, it still showed the nanogel’s tendency to dissociate. The
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hydration size of the nanogel at pH 7.4 was 208.9 nm with a polydisperse index (PDI) of
0.155, while at pH 5.5, the size changed to 93.3 (mean peak) with a PDI of 0.233. The results
confirmed the formation of the pH-responsive DNA nanogel and its dissociation under acidic

conditions, indicating that our design was successful.

2.4 Enhanced Drug Release and Cytotoxicity

After validating the basic transformation mechanism of the system, we tested its drug
loading and release profiles. For this purpose, we chose Dox. The advantage of Dox as a
testing drug is that it can be loaded onto the DNA double helix through intercalation [27,31].
Moreover, it has a fluorescence peak at 590 nm, which is quenched once intercalated into the
DNA double helix [27,31] due to the initiation of Forster resonance energy transfer between
Dox molecules. Hence, its fluorescence signal can be used to assess drug loading and release.

We used a Dox-loaded DNA nanogel under native conformation as a control pH-
insensitive nanogel, designed using a random duplex sequence with the same length as the i-
motif sequence to ensure that no conformation change would occur during pH change. The
release profile mimicking a delivery system releasing Dox from a membrane system was
obtained by a dialysis assay, is shown in Figure 2.12. The solid lines indicate the pH 7.4
condition, and the dashed lines indicate the pH 5.5 condition. Black indicates free Dox, blue
indicates the Dox-loaded pH-insensitive DNA nanogel, and red indicates the Dox-loaded
dissociable DNA nanogel. Dox in both systems was the same concentration, while free Dox
had similar absorbance under both physiological and acidic conditions. Within 20 h, the pH-
responsive DNA nanogel released ~65% at pH 5.5. Compared to the pH 7.4 condition, the

released Dox increased by 22%, suggesting that the acidic condition enhanced the release of
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Dox because of the conformation change. This indicates that the i-motif structure is essential
for the conformation change of the dissociable DNA nanogel and induces a fast release of
intercalated Dox in a low pH environment. Conversely, in a physiological environment, Dox
remains intercalated in the inner position of the DNA nanogel. Notably, the pH-insensitive
DNA nanogel also released Dox under the acidic condition (from 42.42% to 53.79%),
probably because Dox was protonated and was easier to diffuse. A comparison between the
pH-insensitive and pH-sensitive DNA nanogels showed that at pH 7.4, the amounts of Dox
released were at the same level, whereas at pH 5.5, the pH-sensitive nanogel showed more
than 10% release after 20 h. Moreover, the i-motif conformation change was rapid, suggesting
that Dox release was immediate. Figure 2.12 shows the Dox releasing against the dialysis
membrane instead of dynamic release, which mimics the drug’s penetration from the
membrane system to the cell plasm. To further investigate the immediate dynamic dissociation
of the DNA duplex and the release of Dox, we conducted a Dox fluorescence quenching

experiment.
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Figure 2.12: Release profile of the dissociable DNA nanogel. The solid lines are the release
profiles at pH 7.4, and the dashed lines are the release profiles at pH 5.5. The red curves
indicate the Dox-loaded dissociable DNA nanogel. Free Dox (black) and Dox-loaded pH-
insensitive DNA nanogel (blue) were used as controls.

It has been reported that when Dox is incubated with the DNA duplex, its fluorescence
decreases due to the initiation of Forster resonance energy transfer between Dox molecules
when intercalated into the DNA duplex, whereas the dissociation of a Dox-loaded duplex
causes the release of Dox, which is indicated by the recovery of its fluorescence signal [27].
We exploited this property of Dox to test its instantaneous release. Figures 2.13 and 2.14
show the observed fluorescence recovery. Free Dox was used as a control (Figure 2.13, left-

hand set), to which we added a PBS buffer instead of DNA nanogel (in the same amount) to
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avoid the effect of dilution on fluorescence signal quenching. Free Dox was inserted into the
DNA double helix immediately after the addition of the DNA nanogel to the system, and the
fluorescent signal of Dox was subsequently quenched. After pH decreased to acidic levels,
Dox was released during double helix dissociation and i-motif formation, leading to
fluorescent signal recovery. In Figure 2.13, the black columns show the fluorescence intensity
of Dox, the gray columns show the fluorescence intensity after adding samples at pH 7.4, the
orange columns show the fluorescence intensity of Dox-loaded samples after decreasing the
pH to 5.5, and the red columns show the fluorescence intensity after adjusting the pH to 5. The

gray, orange, and red columns in the control set show the fluorescence intensity of Dox after
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Figure 2.13: Dox loading onto and instantaneous release from the dissociable DNA nanogel.
Black: Dox fluorescence; gray: Dox fluorescence after quenching by the DNA nanogel;
orange: recovered Dox fluorescence after the pH decreased to 5.5; red: recovered Dox
fluorescence after the pH was adjusted to 5. The left-hand set is the control with a PBS buffer
instead of DNA nanogel (in the same volume), the middle set is the pH-insensitive DNA
nanogel, and the right-hand set is the dissociable nanogel.

adding a PBS buffer in the same volume as that of the DNA nanogels. Both the pH-insensitive
and dissociable DNA nanogels quenched the Dox fluorescence signal by loading Dox into the

duplex. Dox in the dissociable DNA nanogel showed higher fluorescence recovery under
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acidic conditions.
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Figure 2.14: Dynamic drug release triggered under acidic conditions. Black: drug release
percentage at pH 5.5, red: drug release at pH 5. The error bars indicate standard deviations (n
=3). **p < 0.01, ***p < 0.005 (two-tailed Student’s t-test).

We calculated fluorescence recovery as (Frecover — Fquench)/(Fo — Fquench), Where Fo
indicates the fluorescence intensity of free Dox, Fquench indicates the fluorescence intensity
of Dox in the DNA nanogel at pH 7.4 at the same concentration as Fo, and Frecover indicates
its fluorescence intensity in the nanogel at pH 5.5 at the same concentration as Fo. The results
showed that Dox release from the DNA duplex was pH dependent. Figure 2.14 shows drug
release under different pH conditions. The pH-responsive nanogel had a 56% fluorescence
signal recovery after the pH decreased to 5 by hydrochloric acid (HCI). After the addition of
the nanogel to the system, fluorescence was quenched 80.83. Quenched fluorescence

recovered 16.5% at pH 5.5 and 56.53% at pH 5. By contrast, the pH-insensitive nanogel had

only 16% of recovery, which indicated that our pH-responsive nanogel released 3-4 fold more
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drug under acidic conditions compared to the nanogel without a pH-sensitive design.
Encouraged by its drug release performance, we tested our platform on breast cancer
cell lines. Confocal microscopy (Figures 2.15 and 2.16) revealed that the pH-responsive DNA
nanogel had a co-localized fluorescence signal of nuclei and Dox. We used the MDA-MB-231
cell line to investigate the intracellular Dox distribution in cancer cells incubated with free
Dox, Dox-loaded pH-insensitive DNA nanogel, and Dox-loaded pH-sensitive nanogel. The
blue fluorescence signal represents (diamidino-2-phenylindole) DAPI-stained nuclei and the
red signal represents Dox. Dox accumulated at the nucleus with a co-localization of red and
blue signals, indicating that it was delivered to the nucleus as expected. To further test the

efficacy of drug delivery, we performed a cytotoxicity assay.

DAPI Dox Bright Field Combination Signal

Free Dox

pH insensitive DNA
Nanogel/Dox
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Figure 2.15: Confocal microscopy images of Dox aggregation at nuclei. Blue: DAPI-stained
nucleus; red: Dox signal; purple: co-localized DAPI and Dox signals. All scale bars represent
100 pm. Cell line: MDA-MB-231.



Figure 2.16: Co-localization of Dox and nucleus. (a) DAPI staining. (b) Merged signal of
DAPI, Dox, and Bright field. Blue: DAPI-stained nucleus; purple: co-localized DAPI and
Dox signal. Cell line: MDA-MB-231. All scale bars represent 100 pm.

To investigate the in vitro cytotoxicity of the Dox-loaded nanogel against folate
receptor-rich MDA-MB-231 and MCF-7 cells, we performed a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. Figure 2.17 shows Dox loaded onto the pH-
insensitive and pH-responsive nanogels in the same amounts as that of free Dox (1 uM). Black
represents MCF-7 cells treated with PBS as controls, orange indicates the pH-insensitive
nanogel, and gray indicates the pH-responsive nanogel. Notably, the cell viability of the
controls indicated that the DNA nanogels were nontoxic to cells.

In the MCF-7 and MDA-MB-231 cell lines, the blue and red columns show the cell
viability of Dox-loaded pH-insensitive and pH-responsive nanogels, respectively. The Dox
concentration was the same as that in the control (1 uM). After 12-h treatment, the pH-
responsive nanogel was more cytotoxic to both MDA-MB-231 and MCF-7 cells than free Dox
and the pH-insensitive nanogel. Especially in the MCF-7 cell line, the pH-sensitive nanogel

had only 37% cell viability, which showed 2-fold and 15% higher cytotoxicity than free Dox
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and the pH-insensitive nanogel, respectively, suggesting that the dissociable design enhanced

the delivery of Dox.
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Figure 2.17: Cytotoxicity after 12-h treatment with Dox (1 pM) loaded onto the pH-
insensitive and dissociable DNA nanogels. Black: cells treated with free Dox; blue: cells
treated with the Dox-loaded pH-insensitive nanogel; red: cells treated with the Dox-loaded
dissociable nanogel. Two cell lines were tested. The left-hand sets show control experiments
without Dox treatment. The error bars indicate standard deviations (n = 3). *p < 0.05, **p <
0.01, ***p < 0.005 (two-tailed Student’s t-test).
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Figure 2.18: Dose-response cell viability of the Dox-loaded dissociable DNA nanogel.
Black: free Dox; blue: Dox-loaded pH-insensitive nanogel; red: Dox-loaded dissociable
nanogel. Cell line: KB cells.



To further investigate the effectiveness of our DNA nanogel in killing cancer cells, we
created Dox dose-response curves using the KB cell line, shown in Figure 2.18. Half-maximal
inhibitory concentration (IC50) is the concentration of an inhibitor at which the response is
reduced by half, which is a good indicator of cell cytotoxicity. Cytotoxicity induced after 24-h
treatment with the Dox-loaded pH-responsive DNA nanogel decreased the 1C50 from 1.37 uM
(free Dox cytotoxicity) to 0.5001 uM. Moreover, compared to the pH-insensitive nanogel
(IC50 of 1.779 uM), the dissociable nanogel showed more than 3-fold higher cytotoxicity.
These results showed that our pH-responsive dissociable DNA nanogel improved the efficacy

of drug delivery to targeted cancer cell lines.

2.5 Conclusion

In this study, we developed a novel drug delivery platform based on a G-quadruplex-
formulated DNA nanogel. To make the nanogel pH-responsive, we modified it by introducing
an i-motif structure to achieve acid dissociation, thus enhancing drug release under acidic
conditions. We confirmed the conformation changes from physiological to acidic conditions
by performing electrophoresis, AFM, and Dox fluorescence quenching experiments. The pH-
responsive nanogel showed higher cytotoxicity than the non-pH-responsive nanogel, and its
conformation changed immediately. These properties make our dissociable DNA nanogel a
promising platform for drug delivery. In this study, we used Dox intercalated into DNA
strands. However, we speculate that other small molecule drugs, oligonucleotides, or peptides,
could also be loaded onto the DNA nanogel using different interactions. Moreover, we believe
that the nanogel platform has potential for larger molecular drugs as well because of the pore

structure between the gel cross-links.
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2.6 Methods

Materials. All DNA strands were purchased from Integrated DNA Technologies.
Cyclohexane was purchased from Spectrum (CAS 110-82-7). Span 80 was purchased from
Tokyo Chemical Industry Co. (CAS 1338-43-8). Water was made using MicroPure ST
(Thermo Fisher Scientific). THF was purchased from EMD (TX0280-6). PAGE gels were
made using a 40% acrylamide/bis-acrylamide solution (19:1) purchased from BIO-RAD (cat.
No. 161-044) with the respective buffers. Agarose gels were made using Agarose LE
purchased from Culgene (cat. No. C8740) with the respective buffers. Magnesium and
potassium were made from magnesium acetate tetrahydrate (lot No. D26Y034; Alfa Aesar)
and potassium chloride (M-12445; Thermo Fisher Scientific), respectively. Folic acid—PEG-
maleimide was purchased from NANOCS (lot No. 110511). Tris (2-carboxyethyl) phosphine
(TCEP) was purchased from MP Biomedicals. Dox was purchased from Thermo Fisher
Scientific (lot No. 154656). Hydrochloric acid was purchased from J. T. Baker.

Buffers. The TBE buffer was made from 10x TBE purchased from Apex (cat No. 20-
195). TAE was made from a 50x TAE buffer (2 M tris base, 1 M acetic acid, and 0.1 M
H>EDTA). The MES buffer was diluted 10 times from a 1 M MES buffer solution purchased
from Alfa Aesar. TAE/Mg was made from 12 mM magnesium acetate in a TAE buffer.

Conjugation with PEG—folic acid. DNA 20T-SH strands were treated with TCEP for
4 h and then with maleimide modified PEG—folic acid overnight. They were then purified
using a G-50 Micro Column (29-9034-08; GE Healthcare).

Nanogel synthesis. First, reverse emulsion was performed by 2-min sonication (pulse
mode, 70% amplitude, 2-s sonication every 3 s) of 15 pl of DNA (20 ug of DNA in total) in 2

ml of cyclohexane (with 120 mg of Span 80) using a Dismembrator 150 (Thermo Fisher
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Scientific). Then, 5 pl of salt solution was added to the reverse emulsion, followed by 1-min
sonication. After a 1-h reaction, 20T-PEG—folic acid was added to the emulsion, followed by
1-min sonication. After a 1-h reaction, Span 80 and cyclohexane were removed by
centrifugation and THF washing. The nanogel was then dispersed in PBS (with 10 mM
magnesium and 1 mM potassium). The nanogel size was determined using DLS (Zetasizer
Nano ZS90; Malvern Panalytical).

Atomic force microscopy. Nanogels were dispersed in PBS, and 5-ul samples were
dropped on mica. Then, 40 pl of 2 mM magnesium acetate was dropped to remove the salt and
keep the structure. The liquid was gently blown away. The samples were then scanned using a
Veeco NanoScope 1V scanning probe microscope (Digital Instruments) in tapping mode.

Scanning electron microscopy. Nanogels were dispersed in PBS, and 5-pl samples
were dropped on mica. Then, 40 pl of 2 mM magnesium acetate was dropped to remove the
salt and keep the structure. The liquid was gently blown away. Then, iridium was sputtered
under 80 mV for 5 s to increase the conductivity of the samples. The samples were scanned
under 5 kV using a Phillips XL 30 ESEM and an FEI SFEG UHR SEM.

Dox loading. Free Dox was mixed with nanogels and incubated overnight. Unbound
Dox was removed using a 100K filter (lot No. R5BA49624; Microcon). Standard absorbance
curves were acquired by fitting the different concentrations and absorbances (measured on a
Nanodrop 2000C in UV-Vis mode; Malvern Panalytical).

Dox release. Free Dox, Dox with pH-insensitive nanogel, and Dox with pH-responsive
nanogel were placed in dialysis tubes (100K MW) against PBS/Mg or MES/Mg buffer, and
the buffers were gently stirred at room temperature. The total buffer solutions were renewed at

predetermined intervals. The absorbance intensity of Dox remaining in the dialysis tubes was
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measured using a Nanodrop.

Cell culture. MDA-MB-231 and MCF-7 cells were donated by Dr. Zhang’s lab and
cultured in Dulbecco’s modified eagle medium (DMEM) with 10% (v:v) fetal bovine serum
(FBS; HyClone) and 1% Pen Strep (Thermo Fisher Scientific) in an incubator (Thermo Fisher
Scientific) at 37°C in a 5% CO2 atmosphere. The cells were subcultured approximately every
two days at 80% confluence using 0.25% (w:V) trypsin at a split ratio of 1:3.

Fluorescence recovery. Amounts of 50 ul 3.4 uM free Dox were placed into wells in a
96-well plate, and the Dox fluorescence signals were measured using a plate reader (Synergy
MX; BioTek). The fluorescence signals were measured again after adding 2 pug of DNA
nanogels into the wells. An HCI solution was then added to reduce the pH to 5.5, and the
fluorescence signals were measured again.

In vitro imaging study. MDA-MB-231 and MCF-7 cells (1.5 million per well) were
seeded on a 12-well plate and cultured for 12 h. Dox-loaded (500 ng) nanogels were then
added to the cells. After 1-h incubation at 37°C, Dox was removed, and a fresh medium was
added into the wells. After 2-h incubation, the cells were fixed, and nuclei were stained with
DAPI. Bright field and fluorescence images were obtained using a fluorescence microscope
(EVOS FL). The images were collected using a GPF cube (Ex: 470/22; Em: 525/50).

Cytotoxicity. MDA-231-MA cells (7,000 per well) were seeded on a 96-well plate and
cultured for 24 h. Dox-loaded nanogels (0.05-2 pmol per well) were then added to the cells
and incubated for specific hours, followed by medium change with an MTT solution (5
mg/ml). After 4-h incubation, the liquid was removed using a small needle, and the cells were
mixed with 100 pl of dimethyl sulfoxide (batch No. 0000082524; Macron). Absorbance was

measured at a wavelength of 540 nm using a plate reader.

66



Chapter 2, in its entirety, is a reprint of a paper submitted for publication in 2021.
Xiangyi Dong, Sibai Xie, Mingxuan Kai, Yi Chen. The dissertation author was the investi-

gator and primary author of this study.
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Chapter 3

Protein Encapsulation

ABSTRACT. Here, we demonstrated a new protein encapsulation method utilizing our
DNA nanogel system. Self-assembly mechanisms between the DNA and the proteins allowed
the proteins to be embedded. Like Chapter 2, the DNA nanogel was composed of single
stranded DNAs, which formed a 3-dimensional nanogel structure by using the G-quadruplex
structure as the crosslinker. The DNA nanogel had multiple overhanging 20 adenosine, which,
through simple Watson-Crick base pairing, could be used to further modify the nanogel
surface. In this chapter, we demonstrated that the DNA nanogel has embedded the unmodified
proteins while still preserving their structure and function. As a proof of concept, we confirmed
the embedding with a mobility shift assay using native agarose gel electrophoresis. The
morphology of protein-loaded DNA nanogel was observed under Atomic Force Microscopy
(AFM), and the size and the zeta potential were characterized by Dynamic Light Scattering
(DLS). In addition, we discovered that the nanogel/lgG system could interact with the surface
proteins of E. coli under both signal-colocalization and scanning electron microscope. This
result demonstrated the self-assembled DNA nanogel system could embed functional proteins
onto the DNA nanogel while preserving the protein function. To show the application of
embedded protein nanogels as a drug delivery vehicle, Doxorubicin (Dox) was loaded into the
nanogel and cancer cell cytotoxicity was investigated on KB cells. The protein embedded
DNA nanogel showed higher cytotoxicity to KB cells than the physical mixture of random

DNA strand, IgG, and Dox because of the targeting ability of the IgG.
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3.1 Introduction

Functional proteins and peptides have been increasingly used for therapeutic purposes.[1]
This is because protein therapy being safer than gene therapy due to its transient action of
proteins in the targeted site. Protein therapy is non-random and does not cause permanent
disruption of the site during the process.[2] However, the main challenges for protein delivery
include the large size, fragile tertiary structure, and varying surface charge of proteins.[3] Native
proteins suffer from serum instability, which results in degradation and inactivation. In
addition, most native proteins are electrostatically unfavorable to the membrane. [4] Therefore,
proper methods are necessary to deliver functional proteins to the cytosol — which should
include endolysosomal escape to function in the cytosol or subcellular compartments and
targeting the expect sites — while the function of protein should be perserved.[5] Improved
protein stability, activity, immunogenicity, and delivery are also expected for the potential
methods. [6]

Protein drugs have played more and more important role in the drug development and
therapy[7-9]. They are widely used in oncology, genetic disease, immunology, infectious
disease, etc[7]. For example, in 2011-2016, the US food and drug Administration Center for
Drug Evaluation and Review and the Center for Biologics Evaluation and Review have
approved 62 recombinant therapeutic proteins for various applications[8]. In 2020, 24.5% drugs
approved by CDER in FDA are protein drugs[7]. The 5-year average for antibody approvals
2020 was more than ten per year when compared to 2006-2010 (where the FDA only approved
two new antibodies per year). Among the protein drugs, more than 90% were monoclonal
antibodies (mAb) and antibody-drug conjugates (ADC)[7]. However, the manufacturing of

therapeutic proteins is complex[10]. A typical protein drug production may include up to 20
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more steps than small molecule fabrication. In addition, the complex secondary and tertiary
structures of the therapeutic proteins must be maintained during the whole procedure. During
the processing steps, there are multiple parameters that could affect the final protein production,
including manufacturing in live cells or bacterial, culture condition, chemical conjugation
environment, purification processes, and possible damages caused by modification. In all, there
is an opportunity for new protein delivery strategies that could have the ability to be
biodegradable, biocompatible in vivo, have high encapsulation efficiency, sustained release,
targeting capabilities, retain protein structure and bioactivity, and transportation to the cytosol.
However, protein modification is necessary to achieve the specificity targeting, endosomal
escape, and cargo release. Modification by chemical-conjugation recombinant modification
often results in the ill-preserved the activity of protein because the conjugation environment,
the conformation after modification, and parameter changes during genetic modification can
significantly affect the protein stability.

Recently, protein nano-carriers have been reported to be a promising technology for
optimized protein delivery. Nano-carriers can protect proteins from degradation and various
denaturing conditions in the biological environment. [11] This is because nano-carriers can
increase the stealth of the delivered proteins by covering antigenic and immunogenic
epitopes, lessening the uptake of the reticuloendothelial system (RES)[12], and protecting from
protein proteolysis. [13] From a pharmacokinetic perspective, the high surface area to volume
ratio of nanoparticles can increase the effectiveness. Another important property of nano-carrier-
based delivery systems is the ability to tailor the chemical and physical properties of the
vehicles. [14] Size, surface charge, and displayed ligands can be controlled to increase cell

penetration, endolysosomal escape, targeting specificity, and cargo release kinetics. [15]
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However, it is still a major challenge for using conventional nano-carriers to deliver the
unmodified, functional proteins with their active conformation and functions to the necessary
site. [16] Methods to deliver proteins via nano-carrier include covalent bonding of the
proteins to the vehicle or conjugation via chemical reaction, which may limit delivery to
specific proteins and will apply irreversible modification on the structural conformation
and function of the proteins, respectively. [2,3] Therefore, different approaches[17-20] have
explored to deliver functional proteins via nano-carriers. These approaches include physical
adsorption and non-covalent encapsulation. Noncovalent encapsulation strategies can
preserve protein conformation and function. However, the stability in serum remains
challenge. [21] One example of non-covalent binding is self-assembly between the proteins
and nanocarrier, which allows us to preserve the function and structure of the protein.[3]

As is mentioned in the previous chapters, DNA nanotechnology has been used to design
and construct DNA nanostructures, because the technology has well-controlled size, shape, and
surface chemistry properties, by self-assembly. [22-25] These properties can overcome the
challenges that are inherent to conventional protein delivery nanoparticles. Thus, DNA
nanostructures are powerful vehicles that include unique size, control abilities, uniform size,
loading delivery, and biocompatibility, non-covalent bond interaction. Among the advantages,
self-assembly nature of the DNA nanostructure makes it more promising for a next-generation
protein delivery vehicle. However, some DNA nanostructures are based on Watson-Crick base
pairing which have intrinsic limitations such as low resistance to heating, denaturing
reagents, susceptibility to DNase, flexibility, and deformability.[26] In addition,
functionalization by the chemical stimuli is insufficient. [31] Instead of a DNA nanostructure

that contains only Watson-Crick bonding, DNA structures such as G-Quadruplexes, triplexes,
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and DNA junctions could be incorporated into drug delivery platforms to overcome these
limitations. [26-32]

As we discussed in previous chapters, G-Quadruplexes have a tetrameric structure
containing four guanine molecules that are arranged to make the square planar
conformation.[26-29] Each guanine is bonded with the two adjacent guanines through
hydrogen bonding making it form a G-quartet stack. When monovalent cations are introduced
into the structure, they occupy the central core between the stacks to neutralize the electrostatic
repulsion between them.[29] The stacking G-quartets comprise of the four Guanines structure
and the single-strand loop is formed by the intervening DNA sequence.[27] Because of the G4
structure stability, it demonstrates improved resistance to thermal heating (over conventional
Watson-Crick structures) and denaturing conditions.

In Chapter 2 we tested our G-quadruplexes DNA nanogel for small molecule drug
delivery. Here, we expand to the application of protein drugs. In this chapter, we tried protein
encapsulation utilizing our DNA nanogel. As discussed at Chapter 2, our nanogel system
used pure DNA strands which has large pore size which made the system promising for large
molecule encapsulation. The pH-responsive designs were integrated to get controlled release
when necessary. Meanwhile, once the protein was encapsulated, the overhangs on DNA
nanogel enabled modification by 20A-20T base-paring but did not interact with the
embedded protein drugs. Even the DNA modification formed hydrogen bonds under
physiological condition, which was found to not affect the environment of the
embedded proteins. This was because DNA strands were modified and purified before
it was added into the system. As such, G-quadraplexes DNA gels are proposed to be an

excellent candidate for protein delivery given that the DNA nanostructures can encapsulate the
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proteins with the proteins still functional.

Several reports[33-39] showed attempts to form DNA-protein complex. Yan and
coworkers[36] used the biotin-streptavidin interaction to embed the protein in a DNA nanogrid
by DNA origami. However, only specific proteins could be applied. Aptamers[37, 38] were also
used for specific protein binding to from nano arrays. The Mao[39] group used antigen-modified
DNA array to attract protein to form self-assembled 2D DNA-protein array. Hetero bifunctional
crosslinkers[40] conjugation of DNA-protein/peptides by covalent bonding was also reported.
However, these methods have limitations like protein categories or possible damage by covalent
bonding. The DNA nanogel system presented here does not face the above limitations and is a
promising candidate.

The synthesis procedure (Figure 3.1) was like that of chapter 2. The only differences
were that we added proteins together with DNA. Noticeably, the potassium salt used was
potassium Glutamate (KGlu) because Glutamate[41] can highly enhance the interaction

between the DNA and the protein.
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Figure 3.1: Schematic drawing of protein encapsulation. (a) A mixture of proteins and single-
strand DNAs, in the solution of surfactant (Span 80) and cyclohexane before sonication. (b)
After the addition of salt and sonication, a reverse emulsion formed, and proteins are
embedded in the G4-Quadruplex cross-linkers by self-assembling. (c) After lhr at room
temperature, samples were centrifuged down and washed with tetrahydrofuran (THF). Lastly,
pellets were re-suspended with PBS buffer.
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3.2 Protein Loading in DNA nanogel

One of the greatest challenges of protein delivery is that different proteins have different charges
under same condition. This makes it difficult to develop a perfect drug delivery system that is able to load
various kinds of proteins. Here, we chose two proteins with different charges under the same condition. To
validate the protein encapsulation, we performed a 1% native agarose gel electrophoresis to
assay for mobility shift. The native agarose gel electrophoresis can preserve the DNA
nanogel structure and the protein conformation. The electrophoresis highly depends on the
particle size and surface charge. Therefore, the isoelectric point (pl) of the protein in the buffer
should be considered. Avidin had a pl value of 10[47] — which indicated that it was positively
charged — in the Tris/Borate/EDTA (TBE buffer), whereas goat-Immunoglobulin G (IgG)s[48]
had a pl value of 6.1 — 8.5, which suggested that it can be variably charged in TBE buffer.
During the electrophoresis, we found that the 1gG was negatively charged in our running buffer.

We first tried the exact same conditions as chapter 2 for protein-loaded DNA and potassium
chloride was used. Figure 3.2 shows the 1% agarose electrophoresis of DNA nanogel with 1gG
formed using potassium chloride. The protein could be stained by Coomassie Blue and not by
ethidium bromide (EB), while DNA could be stained by EB and not Coomassie Blue. In the 1%
native agarose gel, pure avidin did not run into the gel because the surface charge was positive in
the running buffer (Figure 3.2b). However, pure DNA nanogel could run into the gel because DNA
was negatively charged in the running buffer. Self-assembled protein-loaded DNA nanogel (lane 4)
ran into the gel and the position was higher than pure DNA nanogel, which meant a higher mobility
structure was formed. This suggested that the avidin-loaded DNA nanogel was successfully formed.
Meanwhile, the same synthesis method did not work well for the 1gG-loaded DNA nanogel (Figure

3.2a). The 4" lane, which contained the IgG loaded DNA nanogel, was similar to the physical
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mixture of IgG and DNA nanogel, which were separated bands (where IgG was stained by
Coomassie Blue, and DNA was stained by EB at the same position as the pure IgG and DNA
nanogel). This result shows that there was no 1gG loaded in DNA nanogel and Avidin was much
easier to load in DNA nanogel. That was likely due to their different charges. Avidin showed a
positive charge, and DNA had a negative charge due to the phosphate backbone. Because of the
electrostatic force, Avidin and DNA should be easily self-assembled together. On the other hand,
IgG and DNA both showed negative charges which would make assembling together during
synthesis difficult.

There have been different reported strategies to improve DNA and protein interaction[].
One method is to use Glutamate[41]. In 1987, Sigrid et al. reported that replacement of
potassium chloride by potassium glutamate dramatically enhanced the DNA-protein
interaction. As such, we used potassium glutamate and the 1gG loaded into the DNA nanogel

successfully (figure 4.3).

The optimized protein capsulation electrophoresis is shown in Figure 3.3, where 1gG
was encapsulated in potassium glutamate. Lane 1 was Avidin, lane 2 was the IgG, lane 3
was the DNA nanogel, lane 4 was the mixture of Avidin and DNA nanogel, lane 5 was the
Avidin encapsulated DNA nanogel, lane 6 was the mixture of IgG and DNA nanogel, and lane
7 was 1gG encapsulated DNA nanogel. In Figure 3.2 a, the DNA was stained with EB (Figure
3.3a) in order to view DNA nanogel in lane 3, while there were no bands in lane 1 and 2
which contained proteins. The protein was stained with Coomassie Blue stained in Figure
3.3 (b) but no bands in lane 3 which contents DNA nanogel, and the merged signal is shown
in Figure 3.3 (c). Lane 5 is our Avidin encapsulated DNA nanogel with lane 4 (mixture of

Avidin and DNA nanogel) as the negative control. Lane 7 is our IgG encapsulated DNA

81



nanogel with lane 6 (physical mixture of IgG and DNA nanogel) as the negative control.

Figure 3.2: Electrophoresis of protein encapsulation using potassium chloride. 1% native
agarose gel. (a-c) IgG encapsulation. Lane 1, 1gG; Lane 2, DNA nanogel; Lane 3, the
mixture of DNA nanogel and IgG; Lane 4, 1gG encapsulated DNA nanogel; (a) EB stained
(DNA), (b) Coomassie Blue stained (proteins), (c) Merged image of EB stained agarose gel
() and Coomassie Blue stained agarose gel (b). (d-f) Avidin encapsulation. Lane 1, sSSDNA
marker; Lane 2, Avidin; Lane3, 1gG; Lane 4, Avidin embedded DNA nanogel. (d) EB
stained (DNA), (e) Coomassie Blue stained (proteins), (f) Merged image of EB stained
agarose gel.
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Figure 3.3: Electrophoresis of protein encapsulation. 1% native agarose gel. Lane 1, Avidin;
Lane 2, IgG; Lane 3, DNA nanogel; Lane 4, the mixture of DNA nanogel and Avidin; Lane
5, Avidin encapsulated DNA nanogel; Lane 6, the mixture of DNA nanogels and IgG; Lane 7,
IgG encapsulated DNA nanogels. (a) EB stained (DNA), (b) Coomassie Blue stained
(proteins), (c) Merged image of EB stained agarose gel (a) and Coomassie Blue stained
agarose gel (b). Avidin was embedded with potassium chloride, while 1gG was embedded
with potassium glutamate.

To compare the Avidin capsulation, band 1 (pure Avidin), 3 (DNA nanogel), 4 (Avidin
mixed with DNA nanogel), and 5 (Avidin encapsulated DNA nanogel) were analyzed.
Because the Avidin was positively charged in the running buffer, the Avidin band was
running towards the top. When comparing with the Avidin mixed with DNA nanogel and avidin
encapsulated DNA nanogel (lanes 4 and 5), we can see the mixture aggregated at the well. It was

noticeable that in lane 5, the Avidin ran into the gel to a similar position with DNA nanogel,

which indicated the Avidin is successfully embedded to DNA nanogel.

Similar to Avidin, we can compare the bands 2, 3, 6, and 7 to observe the mobility of
IgG encapsulated protein. Because the IgG was negatively charged in the running buffer, the
IgG (lane 2) ran into the gel and the mobility was slower than DNA nanogel (lane 3). When
comparing the mixture of 1IgG and DNA nanogel (lane 6) and the IgG embedded DNA nanogel

(lane 7), the mixture (lane 6) the IgG and DNA nanogel (lane 3) kept the same mobility as
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compared to the pure 1gG (lane2) and pure DNA nanogel (lane 3). While in our IgG embedded
DNA nanogel (lane 7), we can see colocalization of DNA EB signal and IgG Coomassie Blue
signal, which indicated the 1gG was successfully captured in the DNA nanogel system.

The colocalization of EB-stained DNA bands and Coomassie Blue-stained proteins
showed a successful protein encapsulation of both a negatively charged protein and
positively charged protein. Overall, we conclude that our platform can incorporate proteins onto
the DNA nanogels.

The Atomic Force Microscopy (AFM) images of samples showed different heights of
the DNA nanogel and the DNA nanogel/lgG. In figure 3.4, we visualized the morphology of the
physical mixture of DNA nanogel and 1gG (a), DNA nanogel (b), and 1gG encapsulated DNA
nanogel (c). The DNA nanogel/lgGs (figure 3.4 ¢) have a globular shape with IgG embedded
around the edge. The AFM height profile (Figure 3.4 d) clearly shows that the DNA
nanogel/lgG was taller than the DNA nanogel with a 1-2 nm height difference. This evidence
supports our hypothesis that proteins are embedded in the DNA nanogel. Compared to the
mixture of DNA nanogels and IgGs, the DNA nanogel/lgG had an average 3 nm height
increase. Overall, we can conclude that the proteins embedded onto the DNA nanogels

according to both the gel analysis and the AFM height analysis.
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Figure 3.4: Atomic force microscopy (AFM) observation of protein encapsulation. (a)
Physical mixture of DNA nanogel and 1gG; (b) DNA nanogel; (c) 1gG embedded DNA
nanogel; (d) Height analysis of a (blue), b (green), ¢ (red). Scale bars: 200 nm.
The zeta potential results also support our hypothesis that the proteins embedded onto the
DNA Nanogel. Figure 3.5a shows that the DNA nanogel has a mean peak value of -51.4mV.
The DNA nanogel/lgG were more negatively charged on their surface due to the negatively
charged 1gG with a first peak mean value of -78mV and a second peak mean value of -57.8
mV. We compared the DNA nanogel/IgG peaks with the DNA Nanogel peak and found that
the first peak of DNA nanogel/lgG indicated that the proteins embedded onto the DNA nanogel
which showed an overall distribution shift towards more negatively charged. However, the DNA
nanogel/IgG second peak (-57.8 mV) remained similar to the DNA nanogel peak (-51.4 mV).
This represents the fact that not all the DNA nanogels have embedded proteins. In addition, we

added a control of the mixture of single stranded DNAs that could not form the nanogel with the
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Figure 3.5: Zeta potential distribution of protein encapsulated DNA nanogel (a) Zeta potential
distribution for the IgG encapsulation; Red, IgG encapsulated DNA nanogel. Green, single-
strand DNA mixed with 1gG. Blue, the DNA nanogel. (b) Zeta potential distribution for Avidin

encapsulation; Red, DNA nanogel. Green, the mixture of Avidin and the DNA nanogel. Blue,
Avidin encapsulated DNA nanogel. Black, Avidin.

nanogel

(DNA

Figure 3.5b shows the zeta potential distribution of the avidin embedded onto the DNA

nanogel/Avidin). The blue-colored distribution represented DNA

nanogel/Avidin which had a mean peak value of -5.98 mV. Compared to the DNA nanogel

(mean value -51.4 mV), it shifted to be more positively charged. Also, as a control, we

added a mixture of unembedded avidins with the DNA nanogels (Green distribution), which
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had two mean peaks of zeta potential data, 23mV, and -6.03 mV. By comparing the controls,
DNA nanogel/Avidin showed a different zeta potential distribution curve and a slightly
positive shift of zeta potential (-5.98 mV), which indicated avidins embedded onto the DNA
nanogels. Overall, the zeta potential results also supported our hypothesis, though indirectly,
that proteins are embedded onto the DNA nanogels.

Both the electrophoresis result and AFM images confirmed proteins were successfully
embedded in the DNA nanogel. Meanwhile, zeta potential indicates the embedded protein
changed the DNA nanogel’s surface charge, which makes it possible that the protein still
active function. To test if the protein embedded on the DNA nanogel have the biding ability,

we demonstrated some function tests.
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3.3 Function Test

Transmitted SYBR Gold Alexa 647 Overlapped

o) Cc
E.Coli
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DNA
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Figure 3.6: Colocalization of protein capsulated DNA nanogel and E. Coli under
Fluorescence Microscope. (a-d) plain E. coli, (e-h) DNA nanogel mixed with E. coli, and (i-
I) 1gG encapsulated DNA nanogel mixed with E. coli. First column, bright field; Second
column, SYBR Gold stained E. Coli (green); Third column, Alexa 647 labelled DNA
nanogel (red), Fourth column, overlapped of bright field, SYBR Gold, and Alexa 647 signal.
scale bar: 100 pm.

After the demonstrating that we could successfully encapsulate proteins in our
nanogel platform, we found that the DNA nanogel has surface charge changed according to
the zeta potential results. Preserving protein function is a very important property in protein
delivery, so next step we are going to test the protein activity. Leo, et. al,[42] reported that the
immunoglobulin binding Eib proteins from Escherichia coli (E. coli) are receptors for IgG Fc. We

used E. coli to test the function of the protein after encapsulation by DNA nanogel. Colocalization
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of E. coli and DNA nanogels are shown in Figure 3.6, where DNA nanogel was conjugated with
Alexa 647, and E. Coli was stained with SYBR Gold. Figure 3.6 (a-d) shows the E. Coli signal
of transmitted, SYBR Gold, Alex 647, overlapped channels, (e-h) shows the mixture of E. Coli
and plain DNA nanogel signal of transmitted, SYBR gold, Alex 647, overlapped channels; (i-1)
shows the mixture of E. Coli and IgG loaded DNA nanogel signal of transmitted, SYBR gold,
Alex 647, overlapped channels. The green channel shows the SYBR gold signal when it binds
on E. Coli, the red channel shows the Alexa 647 fluorescence label on DNA nanogel. We can
see that in plain E. coli, there was no Alexa 647 signal (c). When the Alex 647 labelled DNA
nanogel was mixed with E. coli, the well-distributed red signal(h) appeared which indicated
that the DNA was uniformly distributed and was not binding to E. Coli. Noticeably, the 1gG
encapsulated DNA nanogel showed some red aggregation (k) where the co-localization(l) of
red signal and green signals was apparent, which indicated that our 1gG encapsulated DNA
nanogel had the function to binding E. coli. Figure 3.7 (a) is the magnification of Figure 3.6 (1),
to visualize in more depth, we observed the mixture of E. coli and IgG encapsulated DNA
nanogel under SEM (Figure 3.7 b), where we can see our DNA nanogel aggregated around E.
coli. It is a promising signal that our DNA nanogel platform can maintain protein activity after
encapsulation.

To further test if the protein-loaded DNA nanogel preserved the function, we used
Keratin-forming tumor cell line HELA cells (KB), we expect the 1gG can show targeting
function to deliver the nanogel to the cell line. Dox was used to test the cytotoxicity function,
which can show the drug delivery efficacy. Figure 3.8 shows the cell viability test with dosage
response to the increased concentration of Dox. Black curve shows the cytotoxicity of free

Dox, blue curve was the control which is cytotoxicity of physical mixture of random sequence
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DNA strands, 1gG and Dox, and red curve showed the cytotoxicity of Dox loaded 1gG
embedded DNA nanogel. The Dox-loaded 1gG embedded DNA nanogel showed the similar
behavior that the IC50 is over 1uM. Meanwhile, physical mixture of junk DNA, IgG and Dox
shows the 1C50 around 0.8 uM. The result showed that our IgG-embedded DNA nanogel has
improved drug delivery efficacy compared to the physical mixture of IgG and junk DNA,
which supported our hypothesis that the 1gG still preserved the activity to binding to the cell

and caused the improvement of cytotoxicity.

Figure 3.7: Visualization of nanogel/lgG interacted with E. Coli. (a), Fluorescence image.
Green, SYBR Gold stained E. coli; Red, Alexa 647 labelled DNA nanogel; (b), SEM image.
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Figure 3.8: Dose-response cell viability of the Dox-loaded protein embedded DNA nanogel.
Black: free Dox; blue: physical mixture of junk DNA, IgG and Dox; red: Dox-loaded 1gG
embedded DNA nanogel. Cell line: KB cells.
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3.4 Conclusion and Further Prospective

We have established a new platform for the next generation of drug delivery systems.
The self-assembly DNA nanogel has several advantages such as programmability in response to
environmental cues, large surface area to volume ratio, biocompatibility, and addressability on
the surface. Due to its simple Watson-Crick base pairing, the DNA nanogel surface can be
easily modified with the intended moiety conjugated to 20 Thymine. We have demonstrated that
our DNA nanogels can embed functional proteins without any chemical modifications, which
preserve the protein structure and function. Therefore, our self-assembly method has overcome the
covalent modification strategies. As proof of concept, we have shown that the protein-embedded
DNA nanogel has a protein mobility shift on the native agarose gel electrophoresis and the surface
charge shift on zeta potential results. In addition, a protein functional assay proved that
proteins preserved their function and structure by showing the antigen-antibody conjugation on
the E.coli surface. The embedded IgG activity was also tested by cytotoxicity experiment,
where Dox was loaded into the DNA nanogel, and the IgG tend to target the KB cell Fc
receptor. The IC50 was decreased by 20% compared to the physical mixture of DNA,
IgG and Dox. However, the 1gG was not a good candidate for cell targeting. With the
proof of concept, further studies will be exploring the functional therapeutic proteins like
CD 44[43] antigen, Her2 inhibiter [44]. Further research also should be done to quantify
the amount of the embedded proteins for precise control of delivery in vitro. Moreover, the
spatial orientation of the embedded proteins onto the DNA nanogel should be controlled.
Potentially, we can extend this platform to deliver other therapeutic proteins. Overall, our
platform can embed functional proteins onto the DNA nanogel, which can extend to various

applications.
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3.5 Method

Materials. All DNA strands were purchased from IDT Company. Cyclohexane was
purchased from Macron Fine Chemicals (Batch No. 0000142384). Span 80 was purchased
from Tokyo chemical industry Co. (CAS 1338-43-8). Solutions were made using Micropure
ST (from Thermo Scientific). Tetrahydrofuran (THF) was purchased from Fisher Chemical
(T397-500). 1% Agarose gel were made by Agarose LE from Culgene (cat. #C8740) with
respective buffers (TBE buffer). Magnesium and potassium were made from Magnesium acetate
tetrahydrate (from Alfa Aesar, lot: D26Y034) and Potassium Chloride (from fisher scientific,
M- 12445), respectively. Instant Blue was purchased from Expedeon (ISBL 1) and Ethidium
Bromide was from Invitrogen (Cat. #15585-001). L-Glutamic acid potassium salt monohydrate
was from Sigma Life Science (G1149-100G). Anti-Mouse IgG, antibody produced in goat was
from SIGMA Company, (Product Number M5899-2 ML, 058 K 4774). Avidin was from MP
Company (Cat. # 100303).

Buffers. TBE with Mg?*, there is 12 mM Magnesium acetate in the buffer. 1x TBE buffer

was made from 10 times TBE purchased from Apex (Cat #20-195). 1x TAE was made from 50
times TAE buffer (2M tris base, 1M acetic acid, and 0.1M H2EDTA). PBS pH 7.4 buffer was

from Gibco Company by Life technologies (Lot. 1843238).

Synthesis of protein embedded DNA nanogel. First, reverse emulsion was made by 1-
min sonication (pulse mode, 70% amplitude, 2s sonication every 3s; the sonic dismembrator
model 150 was from Fisher Scientific) of 15ul DNA (20ug DNA in total) in 2ml cyclohexane
(with 120mg, span 80). Second, 5ul Protein solution (in 4x 10mM Magnesium acetate and

potassium chloride) were added into the reverse emulsion and had another 2-minute
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sonication. For the Immunoglobulin G (IgG)s capturing, 4x 10mM potassium glutamate was
used instead of potassium chloride). After 1-hour reaction, the span 80 and cyclohexane was
removed by centrifuge and THF. After dispersed in 1x TBE buffer, the nanogel was
characterized using DLS by Zetasizer Nano-ZS90 from Malvern to get size and zeta potential

data.

AFM image. Nanogels were dispersed in TAE (with Mg?+ and K™ and 5 pl sample was

dropped on the mica, followed by dropping 40 pul 2mM magnesium acetate on it. The liquid
was gently blown away. The samples were scanned under tapping mode using Veeco Scanning
Probe Microscope (Digital instruments, the controller model was NanoScope 1V).

Dynamic light scattering (DLS) and Zeta potential. Nanogel Samples are
resuspended in 15 pl 1x TBE buffer. After wash and use water to dilute into DTS1070
disposable folded capillary cell. DLS machine model is Zetasizer Nano Range from Malvern
Instruments. Both size and zeta potential are measured by DLS test.

Electrophoresis. 1% agarose gel in TBE buffer was ran under 100V for 50 min.
Ethidium bromide was used to stain the DNA bands and Instant blue (Coomassie Blue) was
used to stain the protein bands.

Colocalization of protein encapsulated DNA nanogel and E. coli. DNA nanogel
was modified by 20T-Alexa 647, which shows the red signal under fluorescence microscope. E.
Coli was cultured in agar plate overnight. Concentrate the E. coli by centrifuge under 44000 rpm
for 5 min. Re-disperse the E. Coli into 6 ml PBS buffer. Seed 500 pl/well E. Coli dispersion into
12-well plate. E. coli was stained by SYBR gold. Incubate the E. Coli with Dox, Dox loaded DNA
nanogel, Dox loaded IgG embedded DNA nanogel for 6 hours. Images were taken under

Fluorescence Microscope.
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SEM image. E. coli was concentrated by centrifuge, followed by measuring the OD
value (0.9) in PBS buffer. Then E. Coli was incubated 30min with desire samples, followed
by 10% formalin fixing. After washed with DI water, the E. coli was dropped on Si wafer.

Cell Viability Assay. KB cells (7000 cells per well) were seeded on a 96-well plate
and cultured for 24 hours. Nanogel/Dox (equal to 0.05-2umol per well) was added into the cell
and incubated for specific hours, followed by medium change with 5mg/ml MTT solution. After
4h incubation, the liquid was removed by a small needle, and the cells were mixed with 100ul of
dimethyl sulphoxide (from Macron, Batch No: 0000082524). The absorbance was measured at a

wavelength of 540nm by the plate reader.

This Chapter, in full, is a paper under preparation for publication. Xiangyi Dong,
Jinhyung Lee, Yi Chen. The dissertation author was the investigator and co-first author with

Jinhyung Lee.
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Chapter 4

Reversible DNA Structures

ABSTRACT. Other than the irreversible dissociation structure, in this chapter, we
propose reversible DNA structures. In the first half, with a DNA triplex introduced into the DNA
nanogel, we developed a new swellable pH-responsive nanogel drug delivery platform. This
platform is a DNA nanogel cross-linked using a G-Quadruplex configuration similar to that
described in previous chapters. Instead of using an i-motif, we utilized a DNA triplex structure to
achieve pH-responsive properties. The nanogel swells under acidic conditions and shrinks back
when the pH returns to physiological levels. The swellable DNA nanogel achieved a swelling
ratio of 1.66, and its size-reversible conformation change was rapidly responsive to the
environmental pH. Upon cell uptake, the pH level decreased, causing a specifically designed
DNA double helix to break and form a triplex, followed by swelling inside the endosome,
ultimately resulting in drug release. This method also shows promise for enhancing endosome
escape. To assess cytotoxicity to cancer cells, we used doxorubicin. The swellable DNA nanogel
decreased the IC50 more than threefold compared to a pH-insensitive DNA nanogel. Other than
Hoogsteen bonding, in the second section, we investigated a series of reversible 2-dimentional to
3-dimentional DNA structures based on Watson-Crick bonding. We performed DNA simulations
for molecular-level visualization of the conformation change of the reversible DNA nanogel

triggered by toehold-mediated strand displacement.
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4.1  Swellable DNA Nanogel

In previous chapters, we described the successful development of a DNA nanogel system
with a G-quadruplex motif. Both small-molecule drugs, such as doxorubicin (Dox), and large
drugs, such as proteins, can be loaded onto this nanogel system. We integrated a pH-responsive
C-rich motif into the nanogel system to achieve dissociable behavior by decreasing the pH to
acidic levels, which enhanced drug release during endocytosis.

Various drug delivery platforms based on low-pH endocytosis have been reported. Other
than dissociable systems, swellable systems can also improve the efficacy of drug delivery [1-4].
A reversible polymer-based swelling-shrinking nanogel (NLSC-NG) was reported in 2014 [1].
This nanogel was based on N-lysinal-N’-succinyl chitosan (NLSC) optimized at an isoelectric
point of around 6.0 to achieve an acid-triggered charge reversal capability. The nanogel swelled
at pH 4.5 in a swelling ratio of 10 compared to pH 7.4 and shrank back when the pH returned to
7.4. The nanogel’s swellable properties improved endosome escape and made it reusable,
resulting in better penetration into tumor sites. However, the polymer synthesis time was long,
and the pH-responsiveness time was 1 h, which is considerably longer than the endosome escape
time. The results presented in Chapter 2 showed that our pH-responsive DNA nanogel achieved
a rapid response to pH conditions. Our dissociable DNA nanogel released Dox, which was
previously loaded onto the double helix, within 5 min. Our system had a synthesis time of 2.5 h,
which is a considerable advantage compared to existing pH-responsive drug delivery systems.
Other than the i-motif structure, the DNA triplex is another dynamic motif responsive to
environmental pH [5], as mentioned in Chapter 1. The transition pH of triplex depends on the

GC content of the sequence [6]. The transition pH is 6 when the GC content is 50% and rises to

10 when the GC content is 0%. Notably, the C* G-C triplex requires cytosine pronated at a lower
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pH, whereas TAT does not. A TAT triplex [7] has been reported to form under a physiological
pH when the poly-A to poly-T strand ratio is 1:2, whereas in a ratio of 1:1, the double helix is the
preferred structure. Although triplex-based motors have been reported [8-10], as discussed in
Chapter 1, no swellable pH-responsive triplex-based DNA nanogel has been reported. Other than
irreversible dissociation, reversible features could make it possible to reuse the structure and
prolong the active therapy time. This chapter describes a swellable DNA nanogel responsive to
pH conditions and has a reversible size when the pH switches between 7.4 and 5.5. For function

testing, we used Dox as the delivered drug as well.

4.1.1 Swellable DNA Nanogel Platform

Figure 4.1 shows the swellable DNA nanogel platform. The nanogel forms at a
physiological pH. The presence of magnesium allows double helices to form, and potassium
cations enable the formation of G-quadruplexes to produce the gel. A triplex structure is
introduced into the nanogel platform, which forms a double helix with its complementary strands
under physiological conditions and releases the complementary strands to form an intramolecular
triplex structure (pink motif at pH 4-6 in Figure 1). Once the double helix dissociates, the
distance between two G-quadruplexes increases, causing the DNA nanogel to swell and
subsequently release the drug inside the structure. When the pH returns to physiological levels,
Hoogsteen bonding in the triplex structure dissociates and forms a double helix. We used DLS to

test the nanogel’s size reversibility.
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Figure 4.1: Schematic design of the swellable DNA nanogel drug delivery system. I:
Specific binding to an overexpressing receptor on tumor cells and triggering of receptor-
mediated endocytosis; Il: The pH decreases and the nanogel swells, releasing a small-
molecule drug; Il1: Diffusion of the released drug.

We used Dox [33] to test the swellable pH-responsive DNA nanogel platform. When the
pH decreased during endocytosis, Dox loaded between base pairings was released because of the

dissociation of the double helix.

4.1.2  Swellable DNA Nanogel Designs
As in the case of the dissociable DNA nanogel described in Chapter 2, we used a reverse
emulsion system to synthesize the swellable DNA nanogel. The DNA nanogel formed during the

inside water phase in the presence of K* and Mg?*. To conjugate it, we added folic acid to the
system. We then obtained the nanogel by washing away the surfactant after centrifugation. We

used Dox to evaluate the cytotoxicity of the nanogel. We used a DNA nanogel without a pH-
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responsive design as a control, which did not undergo a conformational change in an acidic pH

environment. The next section describes the triplex-based swellable DNA nanogel designs.

4.1.3 Design 1.0
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Figure 4.2: Swellable DNA nanogel design 1.0. (a) Single-switch design; the green
overhangs are the G-rich sites for cross-linking; the three red and blue domains form a triplex
structure under acidic conditions. (b) Size distribution of the nanogel measured by DLS.

Figure 4.2 (a) shows a single switch swellable DNA nanogel design. The three red and
blue domains form triplex structures respectively under acidic conditions. The two green
overhangs are the G-rich domains designed to form G-quadruplex cross-linking. The distance
between the two green overhangs was the same in all swellable design motifs. The top duplex
domain at pH 7.4 was six bases (2 nm), while at pH 5.5, the distance between the green domains
was expected to be 5 nm (15 nt).

As in the case of the dissociable DNA nanogel described in Chapter 2, after the synthesis

of the swellable DNA nanogel, we measured its size using DLS. Figure 4.2 (b) shows the
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nanogel sizes at different pH levels. The nanogel swelled from 285 nm at pH 7.4 to 322 nm at
pH 5.5. This represented a swelling ratio of 1.13, which was not as high as expected. This was
probably because the top red domain was single-stranded and highly flexible. Thus, we could not
measure the distance simply based on the base number. Although we obtained a swellable gel,
our design required further optimization to achieve a higher swelling ratio and enhance its

function.

4.1.4  Design 2.0
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Figure 4.3: Swellable DNA nanogel design 2.0. (a) Single-switch unit. The two green
domains are G-rich strands for G-quadruplex cross-linking; the three red and blue domains
form two triplex structures under acidic conditions. (b) Size distribution of the nanogel
measured by DLS. Blue: original nanogel size at pH 7.4; red: swollen nanogel at pH 5.5;
green: nanogel shrunk back at pH 7.4.

Figure 4.3 (a) shows our second design. This design was similar to the first one except
that the G-rich domains were changed at the top-right and bottom-right corners to obtain a

greater expansion for the single switch. The single switch expanded from 3.47 nm at pH 7.4 to
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7.34 nm at pH 5.5, which is comparable to existing expanding DNA structures [1,2].

The DLS data (Figure 4.3 (b)) showed that the second design had reversible properties.
We dispersed the swellable nanogel in a PBS buffer. At pH 7.4, its average size was 512.9 nm.
When we decreased the pH to 5.5 using HCI, it swelled to 832 nm. When we increased the pH
back to 7.4, the size shrank back to 501.2 nm. These results showed that the swellable and
reversible DNA nanogel formed successfully and had a swelling ratio of 1.66, which is

comparable to existing swellable platforms [1-4].
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Figure 4.4: Swellable pH-responsive DNA nanogel characterized using a 2% agarose gel. ()
TAE/MES buffer, pH 7.4. (b) MES buffer, pH 5.5. lanes from left to right: single-stranded
DNA, swellable DNA nanogel, 100-bp ladder, and 500-bp ladder.

We performed agarose gel electrophoresis to characterize the nanogel’s formation and
conformation change (Figure 4.4 (a, b)). For each gel, from left to right, the first lane contains
single-stranded DNA with the same molecular weight and bases as the single DNA strand that
we used to create the nanogel, the second lane contains the swellable DNA nanogel, and the third

and fourth lanes are 100- and 500-bp DNA ladders, respectively. At a physiological pH, the
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majority nanogel band showed higher mobility than the 500-bp marker, while under acidic
conditions, the majority band showed lower mobility. This indicated that the nanogel swelled
under acidic conditions. Based on the DLS data, we estimated that the nanogel had a swelling
ratio of 1.66 (500 nm to 830 nm). Based on electrophoresis, after a comparison with the strands,
we estimated the swelling ratio to be 1.56 (360 bp to 560 bp), assuming that the mobility of the
DNA strands was linearly related to the size. The swelling ratios of recently reported swellable
systems range from 1.5 to 10. However, synthesis using these methods is time-consuming
(ranging from 30 to more than 100 h), and all these systems are characterized by long response
times to pH conditions. We obtained our DLS data immediately after adjusting the pH, which
suggests that our system underwent a rapid conformation change, which is a considerable

advantage for endosome pH drug release.
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Figure 4.5: Enhanced cytotoxicity of the swellable DNA nanogel. Black: cells treated with
free Dox; blue: cells treated with the pH-insensitive DNA nanogel; red: cells treated with the
swellable DNA nanogel. Cell line: KB cells. Incubation time: 24 h. The error bars indicate
standard deviations (n = 3).
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4.1.5 Improved Cytotoxicity of the Swellable DNA Nanogel

We used Dox to evaluate the cytotoxicity of the swellable pH-sensitive DNA nanogel to
KB cancer cells, which express the folic acid receptor. For characterization, we performed a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The amounts of Dox
loaded onto the pH-insensitive and swellable nanogels were the same as that of free Dox (04
uM). In Figure 4.5, the black line indicates KB cells treated with free Do, the blue line indicates
cells treated with Dox loaded onto the pH-insensitive nanogel, and the red line indicates cells
treated with Dox loaded onto the swellable nanogel. After 24 h of incubation, the swellable DNA
nanogel showed higher cytotoxicity, with an IC50 of 0.518 uM, whereas the pH-insensitive

nanogel had an IC50 of 1.779uM.

4.1.6 Conclusion

This study is the first to utilize the DNA triplex motif to produce a swellable pH-
responsive DNA nanogel, a novel size-reversible platform for drug delivery based on a G-
quadruplex configuration. To make the nanogel pH-responsive and size-reversible, we
introduced a triplex motif structure with a 50% GC content. We confirmed its conformation
change between physiological and acidic conditions using electrophoresis and DLS. The nanogel
showed enhanced drug release under acidic conditions. We optimized the largest single-switch
extension distance (from 3.47 nm to 7.34 nm) and obtained a nanogel with swelling ratio of 1.66,
which is comparable to existing platforms [1-4,11-13]. Moreover, our system has the advantages
of easy synthesis (2.5 h at room temperature), a rapid pH response (within 5 min), and a flexible
design (overhangs). Furthermore, the swellable DNA nanogel showed higher cytotoxicity,

decreasing the 1C50 more than threefold compared to the pH-insensitive DNA nanogel. These
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properties make our swellable pH-responsive DNA nanogel a promising platform for drug
delivery. The swollen size during endocytosis may also facilitate endosome escape. The DNA
nanogel platform is a potential candidate for the next generation drug delivery systems. In-vitro

and in-vivo pharmacokinetics will be investigated in the future.

41.7 Method

Materials. All DNA strands were purchased from IDT. Cyclohexane was purchased
from Spectrum (CAS 110-82-7). Span 80 was purchased from Tokyo Chemical Industry Co.
(CAS 1338-43-8). Water were made using a MicroPure ST (Thermo fisher Scientific).
Tetrahydrofuran (THF) was purchased from EMD (TX0280-6). Agarose gels were made using
Agarose LE purchased from Culgene (cat. No. C8740) with the respective buffers. Magnesium
and potassium were made from magnesium acetate tetrahydrate (lot No. D26Y034; Alfa Aesar)
and potassium chloride (M-12445; Fisher Scientific), respectively. Folic acid—-PEG-maleimide
was purchased from NANOCS (lot No. 110511). DTT was purchased from MP Biomedicals
(cat. No. 856126). Dox was purchased from Fisher Scientific (lot No. 154656). Hydrochloric
acid was purchased from J. T. Baker.

Buffers. TAE was made from a 50x TAE buffer (2 M tris base, 1 M acetic acid, and 0.1
M H2EDTA). The MES buffer was diluted 10 times from a 1 M MES buffer solution purchased
from Alfa Aesar. TAE/Mg was made from 12 mM magnesium acetate in a TAE buffer.

Agarose gel electrophoresis. Quantities of 1% agarose gel in TAE/MES (pH 7.4) and
MES (pH 5.5) buffers were run at the same time under 100 V for 1 h. Ethidium bromide was
added to the gel to stain the DNA bands. After running, the gel was placed under direct UV light

to visualize the bands. A camera was used to acquire images.
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Conjugation with folic acid. DNA 20T-SH strands were treated with DTT for 1.5 h and
then with folic acid overnight. They were then purified using a G-50 Micro Column (29-9034-
08; GE Healthcare).

Nanogel synthesis. First, reverse emulsion was performed by 2-min sonication (pulse
mode, 70% amplitude, 2-s sonication every 3 s) of 15 ul of DNA (20 pug of DNA in total) in 2 ml
of cyclohexane (with 120 mg of Span 80) using a Dismembrator 150 (Thermo Fisher Scientific).
Then, 5 pl of salt solution was added to the reverse emulsion, followed by 1-min sonication.
After a 1-h reaction, 20T—folic acid was added to the emulsion, followed by 1-min sonication.
After a 1-h reaction, Span 80 and cyclohexane were removed by centrifugation and THF
washing. The nanogel was then dispersed in PBS (with 10 mM magnesium and 1 mM
potassium). The nanogel size was determined using DLS (Zetasizer Nano ZS90; Malvern
Panalytical).

Cell culture. KB cells were donated by Dr. Zhang’s laboratory and cultured in DMEM
(Corning) with 10% (v:v) fetal bovine serum (FBS; HyClone) and 1% Pen Strep (Thermo Fisher
Scientific) in an incubator (Thermo Fisher Scientific) at 37°C in a 5% CO, atmosphere. The cells
were subcultured approximately every two days at 80% confluence using 0.25% (w: v) trypsin at
a split ratio of 1:3.

Cytotoxicity. KB cells (7,000 per well) were seeded on a 96-well plate and cultured for
24 h. Dox-loaded nanogels (0.05—4 pmol per well) were added to the cells and incubated for 24
h, followed by medium change with an MTT solution (5 mg/ml). After 4-h incubation, the liquid
was removed using a small needle, and the cells were mixed with 100 pl of dimethyl sulfoxide
(batch No. 0000082524; Macron). Absorbance was measured at a wavelength of 540 nm using a

plate reader.
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4.2 DNA Structure Simulation for Reversible Conformation

Change by Strand Displacement

4.2.1 Introduction

In addition to pH-responsive motifs, DNA can be used in a diverse range of structures,
including two-dimensional arrays, three-dimensional structures, and nanomachines. Among
these, dynamic DNA nanostructures show promising abilities in nanometer-scale control. Many
approaches have been developed, including strand displacement [14-17], DNA enzymes [18,19],
and reconfiguration of arrays from different DNA motifs [20-22]. However, although these
systems can sense a variety of physical or chemical cues, they exhibit simple dynamic behaviors
in a single unit and small-range changes and cannot undergo dimensional transformation. In this
study, we propose a series of 2D-3D transformable DNA nanostructures. By fueling the DNA
nanostructure with DNA strands, it can perform a cross-dimensional switch, simulating some of
the key aspects of biological processes, such as triskelion protein bending in clathrin patch
formation. In this chapter, we describe oxDNA simulations performed to further visualize the

DNA structures at the molecular level.

4.2.2  Design of Transformable DNA Nanostructures

To construct the DNA nanostructures, we used short DNA strands as building blocks. As
shown in Figure 4.6, we employed a n-point-star DNA motif. It consists of one central strand,
three-arm strands, and three end strands with two linker strands on each. The linked strands can
partially hybridize with other linker strands on another end strand and leave a single strand with

a hairpin domain. A single block strand can hybridize with these single-strand domains to form a
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rigid double-strand domain. The overall transformation is controlled by this linker strand. When
there is a blocking strand, an extended double-strand domain with a length of 12.2 nm is formed.
When a DNA fuel strand, which is fully complementary to the block strands, is introduced, it
hybridizes with the blocking strand and extracts it from the DNA nanostructures, with a single-
strand domain remaining. This single strand then forms a hairpin structure. The overall length
decreases to 6.5 nm (Figure 4.7). Because the linker strand controls the arm distance, to
overcome the tension, the DNA nanostructure bends and switches from a flat to a convex form

(Figure 4.6 (b)).
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Figure 4.6: lllustration and dimensions of (a, b) five-arm single motifs and (c, d) three-arm
array motifs. (a) Top-down view of five-arm 2D (left) and 3D (right) motifs. (b) Side view of
five-arm 2D and 3D motifs. (c) Top-down view of three-arm array 2D (left) and 3D (right)
motifs. (d) Side view of three-arm array 2D and 3D motifs.
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Figure 4.7: Fuel strand—mediated transformation process in single motifs. The fuel strand
removes the extension strand, and the single-strand domain that remains is designed to form
a hairpin structure, shortening the overall length of the linker.

4.2.3  Experimental Results

The synthesizing work was predominately contributed by Sibai Xie. The transformation
of DNA nanostructures was expected to be dictated by the DNA dual strands. To investigate the
two reversible states, we first studied the 2D and 3D structures with a five-arm design. We chose
this design because five arms are more stable than three arms and have more linker strand
domains. The results of native gel electrophoresis of the five-arm design in 2D and 3D formation
are shown in Figure 4.8 (Lanes 1 and 2).

In the same gel, we tested the transformation process mediated by the DNA fuel strand.
We started with a flat 2D form. After adding the fuel strand, the DNA nanostructure lost the
extension strand. The remaining single-strand domain then formed a hairpin structure on the
linker strand and forced the flat form to switch to a convex form. As the molecular weight
became smaller, so did the size of the cross-section. The structure thus migrated faster in native
gel electrophoresis (Figure 4.8, Lane 1). To confirm the results, we added extra fuel strands to
exclude the possibility of random hybridization (Figure 4.8, Lanes 5 and 6). We then performed

the transformation from 3D to 2D, which showed a similar but reversed pattern (Figure 4.8,
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Lanes 3 and 4). The upper bands indicate the flat 2D structure because of its rigidity, while the

lower bands at ~1 kbp indicate the 3D structure because of its relatively compact structure.

5 ¥ T 25,
b)

Figure 4.8: A 5% native PAGE gel in TAE/Mg for the conformation change of single 3D
and 2D motifs. Lane 1: 3D structure; Lane 2: 3D structure with extension strands added in a
1:1 molar ratio; Lane 3: 3D structure with extension strands added in a 1:3 molar ratio; Lane
4: 2D structure; Lane 5: 2D structure with Fu strands added in a 1:3 molar ratio; Lane 6: 2D
structure with fuel strands in a 1:3 molar.
To directly observe the transformation results, we performed AFM measurements. Figure
4.9 (b) (left) shows the 3D form of DNA nanostructures. Each nanostructure was 12 nm in

diameter, while the 2D form in the middle panel shows that each unit switched to 25 nm.
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Figure 4.9: Five-arm single motifs’ 2D <—> 3D transitions. (a) Transition from 2D to 3D
and back. From left to middle: The addition of extension strands makes the hairpin strand
expand into a double helix, in turn increasing the distances between the central five-arm
vertices. This makes the 3D structure flatten into a 2D structure. From middle to right: The
addition of fuel strands extracts the extension strands from the structure, turning the 2D
structure back into a 3D structure. (b) AFM images of the respective steps in (a), confirming

the formation of the two structures.

We employed similar designs and characterizations for three-, four-, and six-arm motifs
as well. Variation in the number of arms offered the system flexibility in terms of tuning the
heights and angles of the resulting 3D structures. The predicted changes in height and angles for
the different arm numbers are shown in Figure 4.10. Interestingly, AFM showed that the
difference between the 3D and 2D states was more prominent in the five- and six-arm motifs

than in the three- and four-arm motifs. To determine the cause of this difference, we conducted

molecular dynamics simulations of the structures.
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Figure 4.10: Designs of three-, four-, five-, and six-arm motifs and their respective

theoretical 2D-3D transformation—induced height and angle changes.

424 Coarse-Grained Model Simulations

To study the morphology of the structures, we performed DNA simulations using

0oXDNA [10], a coarse-grained model that offers the possibility of molecular-scale observation.

There are also atomic-scale calculation methods, which are computationally extremely

expensive. Moreover, on an atomic scale, it is difficult to simulate larger structures, or simulation

requires an extremely long time and a heavy computational load. To access longer timescales,

mesoscale, or coarse-grained, models have been widely used in the DNA simulation field. These

models regard DNA as a simpler consists. OXDNA is a coarse-grained model developed to study

the self-assembly and mechanical properties of DNA structures. It regards each nucleotide as a
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rigid body with several interaction sites, including the backbone, base repulsion, stacking, and
hydrogen boding (Figure 4.11). OXDNA has been shown to produce excellent representations of
DNA structures, including 3D structures, DNA origami, and toehold-mediated strand
displacement (TMSD). We implemented molecular dynamic (MD) simulations of our TMSD-
triggered conformation change in our design. We performed the MD simulations in a monovalent
salt concentration of 0.5 M sodium ion at room temperature (298 K). High salt concentrations are
widely used for DNA structure simulations to screen repulsive interactions. Because our design
greatly depends on the DNA sequence, we used sequence-dependent DNA interaction. We ran

each structure at least 10° steps to achieve a more realistic state.

V.

stack

Figure 4.11: OXDNA model of a nicked DNA duplex formed by three DNA strands.

As shown in the simulation images in Figure 4.12, the three-arm structure was strained
and was not completely flat in the 2D state. When it was transformed to the 3D state, the change
of angle was so sharp that its shape was like in the 2D state. For this reason, the three-arm 2D
and 3D states also looked similar in AFM. Conversely, the five-arm 2D motif stretched and

expanded into a flat structure, and the 3D state was visibly more compact. This was consistent
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with the AFM images. The sizes were also consistent in the simulation results and the AFM
images. For the 2D to 3D transition, the circumradius (measured using ImageJ) in AFM changed
from 12.9 to 11.9 nm, while the simulation results showed a change from 11.9 to 9.9 nm. The
area of the 2D five-arm motif was 1498 nm2 according to AFM and 1556 nm2 according to the
simulation results (Table 5.1). The simulation results indicated that the linker length was not
optimal for the three-arm structures. It is likely that the strain caused by the double crossover,
which was not taken into consideration, ultimately caused the smaller-than-expected linker

domain length.

Fuel strand

Figure 4.12: Simulation results of the shapes of three- and five-arm motifs. (a) Three-arm
motif transformation from 2D to 3D. (b) Five-arm motif transformation from 2D to an
intermediate state to 3D.
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To optimize the structure, the linker length needs to be reassessed. Nonetheless, the goal
of this part of the investigation—that is, to design a reversible transformation mechanism with

DNA nanostructures—was achieved.

Table 4.1: Statistical Size of oxDNA model and AFM image

Design oxXDNA simulation AFM
Pentagon 1556.020 1498.321
Triangle 2D 11.861 12.885
Triangle 3D 9.866 11.937

4.25 Conclusion

In this study, we developed a general strategy for the construction of transformable DNA
nanostructures. A flat nano-object can be transformed into a convex form. We also demonstrated
the highly programmable properties of DNA nanotechnology. With an accurate design, the DNA
single unit shows a conformational change in nanometers and a controlled, multistep, reversible
DNA structure. Furthermore, we performed molecular-level simulations to visualize the details
of the structures. Molecular-level simulation can help further understand the design of DNA

structures and may become an excellent tool for predicting structures.
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4.2.6 Methods

DNA purification. Crude DNA strands were manufactured by Integrated Device
Technology (IDT) with a designed sequence. They were further purified using a 20% denaturing
PAGE gel in a TBE buffer.

Formation of DNA three-arm motifs. The DNA strands forming the individual three-
arm motifs were mixed in a 1x TAE/Mg?* buffer under native conditions. They were then placed
in a PCR cycler, heated up to 90°C for 5 min, and then left to slowly cool down to room
temperature.

Polyacrylamide gel electrophoresis. A 5% native PAGE gel in TAE/MES (pH 7.4) and
MES (pH 5.5) buffers was run at the same condition under 100 V for 50 min. The gel was then
stained with stains-all for 30 min, followed by de-staining in water under white light. The gel
was then scanned.

Atomic force microscopy. Tapping mode in a liquid was used for the DNA structures.
The samples were imaged in a TAE/Mg?" buffer. An SNL-10 tip (Bruker) with a spring
constant of 0.24 N/m was used on a multimode AFM instrument (Veecco Metrology). The
amplitude setpoint was controlled at the lowest possible value to avoid scratching the structure.

DNA simulations. DNA simulations were performed using oxDNA at a monovalent salt
concentration of 0.5 M Na* at room temperature (298 K). Sequence-dependent DNA interaction
was used. Simulation of each structure was run at least 10° steps. The length of the edges and
distances between corners were measured using a Chimera instrument (UCSF). The average

circumradius of 5,000 structures was calculated.

Section 4.1, in its entirety, is a paper prepared for submission to a journal for publication.
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Chapter 5
Summary and Prospective Research

Directions

In this dissertation, dynamic DNA structures were investigated to unveil their potential
as a next-generation drug delivery system. We presented a DNA nanogel system and showed
that dynamic DNA structures could be used for drug release. Through accurate design, we
could obtain the desired DNA structures and mechanisms that can be used to create drug delivery
carriers with pH-responsive release properties. The DNA nanogel system could successfully
reduce the IC50 and release more drugs under acidic conditions. The system can carry both
small-molecule drugs as well as proteins. Strand displacement-based dynamic structures were
designed to achieve a series of reversible 2D-3D structures. Coarse-grain DNA model
molecular dynamic simulation was applied using OxDNA software to visualize the
morphology of the designed structures further, and it showed potential power in predicting the

stability of DNA drug delivery system designs.
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5.1 DNA Dynamic Structures

Nanotechnology has been developed to overcome inherent difficulties within the domain
of traditional medicine. Various nanoparticle drug delivery platforms have been investigated,
such as inorganic particles that can provide external trigger release like magnetic fields.
Liposomes have been widely developed and account for the majority of approved nanoparticle
formulations. Polymer-based nanoparticles like PEG conjugations can prolong the circulation
time, while antigen conjugation can improve the targeting effect to enhance drug delivery and
eradicate side effects. However, challenges still exist in current drug delivery systems. For
instance, toxicity should be removed from inorganic particles and liposomes still need to be
developed further to improve their loading efficacy without increasing their toxicity (e.g.,
cationic liposome particles enhance the RNA loading efficacy, but high concentrations of
cationic liposomes cause toxicity to the body). In addition, polymer-based nanoparticles involve
complex manufacturing procedures and have biocompatibility limitations. All pre-existing
nanoparticle systems have low-programmable designs, which cause non-uniform size,
complexity of functional design, and difficulty in achieving multifunctionality. DNA
nanotechnology has developed in the past 30 years, and the specific bonding of base pairs can be
used to form structures by self-assembling with accurate sequence design. Moreover, DNA
nanotechnology can provide a dynamic function that can achieve a targeting effect and trigger
release and surface modification using pure DNA without any modification. Chapter 1
summarized the previously reported DNA dynamic motifs, including strand displacement
motors, DNAzyme motors, i-motif motors, triplex-based motors, and G-quadruplex/aptamer
motors. In this dissertation, we proposed and constructed dynamic DNA nanogel structures for

application in the drug delivery field.
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5.1.1 Dissociable DNA Nanogel

During endocytosis, the pH of endosomes decreases from 7.4 to approximately 5. In
some viruses such as human influenza, the virus travels along the endocytic system, and the
acidic pH causes a conformation change in the HA to enhance envelop fusion, followed by viral
core disassembly in the cytosol and viral RNAs entering the nucleus. Inspired by the acid-
dissociation properties of viruses, we proposed a dissociable DNA nanogel. In Chapter 2, we
demonstrated a dissociable DNA nanogel whose most important building unit is its crosslinker
design. Previously reported DNA hydrogels have mainly focused on the duplex-based Watson—
Crick bonding. The G-quadruplex is a specific DNA motif in which four G bases form a square
planar structure, and each G interacts with two adjacent Gs through Hoogsteen binding. A
monovalent cation is required to occupy the central position between the G-4 stacks, especially
potassium. Notably, the G-quadruplex structure forms instantaneously and shows biostability,
which improves heat and denaturation resistance. In the DNA nanogel established, the G-
quadruplex was used as the crosslinker. The G-quadruplex-based DNA nanogel was confirmed
through electrophoresis and DLS size measurement. We also designed the surface modification
sites on the surface of the DNA nanogel. Un-hybridized 20A base overhangs can be found on
the surface of DNA nanogel. The 20A overhang can later hybridize with the 20T strands through
self-assembly. We only have to modify the 20T strands according to the purpose of each disease.
In this dissertation, to achieve folic acid-targeting effect, we modified the 20T strands with PEG-
folic acid. After the nanogel formation, the overhang 20A strands on the surface of DNA

nanogel will be hybridized with the modified 20T.

To achieve the virus-mimicking pH-dissociation property, we induced an i-motif

sequence into the building blocks. The i-motif sequence, which contains poly-cytosine, tends to

126



form quadruplex structures under acidic conditions due to the protonation of the cytosine bases.
Meanwhile, under physiological conditions, the C bases tend to hybridize with the
complementary G bases. Under acidic condition, cytosine pronation makes the energy more
conducive to the formation of Hoogsteen bonds with cytosine (C:C+) to form a quadruple
structure instead of a hybridized duplex structure. Then, the DNA nanogel dissociates. After the
drug is loaded in the nanogel, it is released. The dissociable DNA nanogel was confirmed
through electrophoresis, AFM, and DLS size measurement. Results indicate that the dissociable
DNA nanogel size decreases by half and has a higher mobility under pH 5.5 compared with a pH

that is under 7.4.

Doxorubicin was used as a test drug not only because it is a widely used cancer drug that
can intercalate into the DNA duplex but also because of its intrinsic fluorescence property.
When Dox is intercalated into the DNA duplex, the Dox signal is quenched by Froster energy
transfer between Dox molecules, whereas the dissociation of a Dox-loaded duplex causes the
release of Dox. Under pH 7.4, when DNA nanogel is added into the Dox solution, the Dox
signal will be quenched, which indicates that the Dox was loaded into the duplex. When the pH
is adjusted to 5, pH-insensitive DNA nanogel showed 16% fluorescence signal recovery due to
the pronation of Dox, which makes it easier to diffuse. By contrast, dissociable DNA nanogel
showed 56.5% fluorescence signal recovery. The fluorescence signal recovery indicates that Dox
was released from the duplex, which means our dissociable DNA nanogel releases threefold
more Dox compared with the pH-insensitive DNA nanogel. Release from a membrane system
was mimicked by dialysis against the membrane. The dissociable DNA nanogel showed 20%
more release within 4 hours compared to the pH-insensitive DNA nanogel and a further 10%

after 20 hours.
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Cell-based assay was used to further investigate the dissociable DNA nanogel system.
Co-localized Dox fluorescence and DAPI-stained cells confirmed Dox accumulation at the
nucleus. The Dox-loaded dissociable DNA nanogel showed higher cytotoxicity (15% cell
viability) to the targeted cancer cell lines (MCF-7 and MDA-MB-231) after 12 hours of
incubation compared with the pH-insensitive DNA nanogel. Dosage response was operated on
KB cell lines. The dissociable DNA nanogel decreased the 1C50 to 0.5 uM from 1. 78 uM (pH-

insensitive DNA nanogel).

The results underscore that we successfully established a G-quadruplex-based DNA
nanogel. By changing the sequence to i-motif design, we achieved an acid-dissociated DNA
nanogel. Small-molecule drug Dox was tested in the system, and enhanced delivery efficacy to
cancer cells was achieved. To further develop the DNA nanogel, we proposed using the DNA

nanogel system to load proteins.

5.1.2 Protein Encapsulation

Therapeutic proteins are showing more significant contributions to novel drug
development. They are widely used in immunology, infectious diseases, genetic diseases, and
other fields. However, the manufacturing of therapeutic protein is complex because in achieving
the targeting effect and release mechanism, it is highly challenging to maintain the complex
protein conformation. During the process, there are multiple parameters that could affect the
final protein products, including culture condition, conjugation environment, and unexpected
conformation changes. There are different nano-carriers for protein delivery. However, it is still

a major challenge to use conventional nano-carriers to deliver unmodified, functional proteins
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with their active conformation and functions to the sites of interest. The nano-carriers used to
deliver protein, including the covalent binding of the proteins to the vehicle, will apply
irreversible modifications on the structural conformation and function, including some DNA-
protein complexes. Since the DNA nanostructure is formed through self-assembled hydrogen
bonding, in this chapter, we expanded the DNA nanogel system to encompass protein

encapsulation.

After replacing the potassium chloride with potassium glutamate, the interaction between
the DNA and the protein improved. Both negatively charged protein-like 1gG and positively
charged protein-like Avidin were successfully loaded into our DNA nanogel system, which
makes our platform a potential benchmark for various drug deliveries. Electrophoresis and AFM
images were used to confirm the encapsulation. The co-localization of the protein-stained signal
and the DNA-stained signal demonstrated the encapsulation of protein. The AFM images also
showed that the protein-encapsulated DNA became larger than the pure DNA nanogel. By
measuring the zeta potential, we noted that the surface charge of the DNA nanogel was changed

by the loaded protein, which indicates that there are some protein sites on the DNA surface.

To test the activity of protein after it was encapsulated by DNA, we used E. coli to test
the 19gG Fc binding ability because it has been reported that E. coli expresses the Fc receptor. E.
coli was stained by SYBR gold and the DNA was labeled by Alex 647. We observed the
aggregation of both SYBR gold and Alex 648 only in the mixture of E. coli and IgG-embedded
DNA. The physical mixture of DNA nanogel, 1gG, and Dox showed a well-distributed DNA
signal. The co-localized signal indicates that the DNA nanogel was brought to the E. coli
because of the Fc-receptor binding between E. coli and the encapsulated 1gG. The aggregation of

E. coli and the 1gG-embedded DNA nanogel was also observed under SEM, which is consistent
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with the fluorescence observation. The result supports that the self-assembled protein-embedded
DNA preserves the binding ability of 1gG. Dox was loaded in the 1gG-embedded DNA nanogel,
and it was loaded to the KB cells which express the Fc Gamma receptors. The cytotoxicity test
showed that the IgG-embedded DNA nanogel has a 20% lower IC50 compared with the physical

mixture of IgG, DNA, and Dox.

Therefore, we successfully proved that our DNA nanogel system can be extended to
protein encapsulation. Further research should be developed focusing on the quantity of the
embedded protein, the spatial orientation of the embedded protein, as well as therapeutic

proteins like CD 55 antigen and Her2 inhibiter instead of 1gG.

5.1.3 Reversible DNA Nanogel

Aside from dissociable drug delivery systems, a swellable system can also improve the
efficacy of drug delivery. Swellable systems usually show reversible conformation change,
which makes them reusable and results in sustained drug delivery, deep penetration, and possible

dosage reduction.

The triplex DNA structure exhibits conformation change under different pH. We
designed a reversible switch unit to achieve close and expanded conformation. By optimizing
the design, we achieved a swellable DNA nanogel with a swollen ratio of 1.66, which is
comparable to existing swollen platforms. Noticeably, most of the existing swollen platforms
require long pH response times, while our reversible DNA nanogel changes immediately after
pH change. The cytotoxicity investigation also supports that our swellable DNA nanogel can

improve the drug delivery efficacy. After 24 hours of incubation with the targeted cancer cell
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line, the swellable DNA nanogel showed an IC50 of 0.5 uM, whereas the pH-insensitive DNA

nanogel had an IC50 of 1.8 uM.

This study is the first to utilize the DNA triplex motif to produce a swellable pH-
responsive DNA nanogel based on a G-quadruplex structure for drug delivery. We tested the
conformation change under different pH through electrophoresis and DLS size measurement.
The improved drug delivery property was confirmed by a cytotoxicity test. The mechanism
through which the swellable DNA nanogel releases drugs from the endosome still needs further
investigation. It is highly possible that the reversible and reusable conformation change can
achieve deep penetration. Furthermore, the drug-releasing formulation on the reversible carrier
would be of interest in future research. Different from the dissociable DNA nanogel in which all
the drugs loaded in the nanogel pore are released upon dissociation, the swollen nanogel only
releases the drugs loaded in the duplex, while the drugs loaded inside the pore are released by
diffusion. Thus, it is highly possible to preserve the drugs that are not necessary for use. After
cell apoptosis, the pH will change back to pH 7.4, the nanogel will shrink, and the drug that has
not been used can again be loaded into the shrunken nanogel. Thereafter, the nanogel can target

the next cell, thereby increasing penetration and decreasing the clinical recommended dosage.

5.1.4 Simulation of DNA Dynamic Structure

In addition to pH-responsive motifs, other DNA structures include nanomachines, 2D
arrays and 3D structures. The reported dynamic DNA structures can sense a variety of physical
or chemical cues, but they only exhibit dynamic behaviors in a single unit and small-range

changes and cannot undergo dimensional transformation. Chapter 4.2 presented a series of 2D-
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3D reversible structures that achieved conformational change through toehold-mediated strand
displacement. The series of 2D-3D structures were built with repeatable units that formed three-

arm, four-arm, five-arm, and six-arm structures.

Electrophoresis and AFM images confirmed the reversible behavior. However, we were
unable to conduct an in-depth examination of the structure to understand why the three-arm
design shows negligible particle size change under AFM, while the five-arm design manifests a
larger change. A coarse-grain DNA model was used to perform MD simulation and obtain a
better visualization of the DNA base-level structures. This helped establish that the design
problem on the three-arm was that the linker length was not optimal due to the strain caused by
the double crossover on the edge. To optimize the structure, the linker length needs to be re-
assessed. In the future, it would be possible to utilize the model to predict the structure

morphology.
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5.2 Prospective Research Directions
5.2.1 Next-generation Drug Delivery System

Their advantages of programmable design for accurate control, self-assembly for non-
covalent bonding, and easy design for modification make DNA nanostructures a potential next-

generation drug delivery system.

When considering oligonucleotide delivery, the DNA structure has an irreplaceable
advantage. Oligonucleotide drugs have attracted much attention in the past 10 years. Before
2013, only two oligonucleotide drugs were approved by the FDA. However, since 2013, 12
oligonucleotide drugs have been approved. With the sequence-dependent complementary design
approach, the DNA nanostructure is very promising for oligonucleotide drugs. Among the
approved drugs, eight are antisense oligonucleotides and three are siRNAs. We can modify our
structure to load siRNA or antisense oligonucleotide and compare them to existing formulations

(oligonucleotide injection, GalNAc, liposome, etc.).

Moreover, we can integrate the antisense drugs into our carrier as a component so that
the carrier could be a targeting carrier before it reaches the site of interest and dissociate using
different mechanisms (pH change, enzyme concentration, etc.) to serve as the drug. By knowing
the existing sequences of oligonucleotide drugs, we can specifically design to built up a carrier
with the active pharmaceutical ingredient (API) sequence. For modified API like morpholino,
where DNA phosphate backbone was modified to neutral charged, we should take the

neutralized backbone into consideration.
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5.2.2 DNA Nanogel System Benchmark

We established a DNA nanogel system that has the ability to load small-molecule drugs
like Doxorubicin (~600 Da) and large drugs like Avidin (68 kDa) and IgG (~150 kDa). To
establish the DNA nanogel system benchmark, further studies should focus on therapeutic drugs
with different molecular weights. Drug loading, release, and delivery to the cell should be tested

as well.

In this dissertation, we used folic acid to modify the surface. We can also test other
functional candidates like aptamers and CD 44 receptors, as well as the RGD and LNX. The
modification percentage also needs to be calibrated, followed by testing the targeting efficacy

after surface modification.

The swellable DNA nanogel, we expected the swollen behavior may improve the
endosome escape and tumor site penetration. The in vitro and in vivo pharmacokinetics and

endosomal tracing experiment will be the next step.

We tested the in vitro behavior of the Dox-loaded DNA nanogel. After the in vitro test,
in vivo experiments will be the next step. We can use fluorescence-labelled DNA strands to
manufacture the DNA nanogel, and the in vivo bio distribution will be investigated. For
example, we can use a Cy5.5-labelled drug-loaded DNA nanogel for testing in tumor-bearing
mice, then near-infrared optical imaging technique can be leveraged to detect the bio-distribution
of the DNA nanogel. Drug accumulation in different tissues, as well as tumors, will also be
studied, followed by testing tumor growth inhibition and toxicity. The elimination half-time and
mean residence time of the drug-loaded DNA nanogel can be investigated by analyzing the

plasma concentration versus the time curves.
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5.2.3 Behavior-driven DNA Molecular Structure Design

Many experimental measurements (e.g., electrophoresis, AFM, SEM, DLS) can be
utilized to understand the dynamics of DNA molecules at specific conditions, including salt
concentration, pH value, and replacement strand presence. However, carrying out a direct
observation of DNA transformation or reaction is still difficult, thus setting a high barrier to
understanding the reaction dynamics. In the field of drug delivery, the DNA is one of the most
promising candidates in next-generation delivery systems. The dynamics of the DNA structure
in loading and releasing drugs are critical to guide the development of a DNA drug delivery

system.

Computational simulations for nucleotides have been widely used. For example, Schreck
et al. used the OXDNA model to simulate large nanoprisms that are composed of multi-arm star
tiles. The OXDNA model predicts equilibrium structures for different designs that are consistent
with cryo-TEM results. Similarly, we applied molecular dynamics technique in the ongoing
work to visualize the structure change. As a result, the computational simulations not only
reproduced the morphology we observed using AFM but also revealed the reaction path in
which the 2D structure evolves into the final 3D structure. This simulation took about 24 hours,
running in parallel on a 16-core node. Considering the inexpensive computing cost and inspired

by the insightful findings, we could reasonably extend the current work to a more general scope.

Enumeration is a method that is widely applied in chemistry and solid-state physics to
generate a group of possible structures from a disordered source. With the advancements in
computing power and the advent of structure-generating codes, high-throughput materials design

is now a reality, which has greatly hastened the discovery of new materials. We can borrow this
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concept and apply similar techniques to generate DNA molecules of interest, but at the coarse-
grain level instead of at the atomic level. For dynamic DNA structures, the critical issue is how
to design a carrier candidate that fits our needs, for example, a 2D-3D reversible structure.
Experiments usually start with a design, which goes through endless trials and errors of
modifications until, finally, the appropriate candidate is determined. This process may take years
and, even then, success is not guaranteed. Fortunately, the properties of DNA bases are quite
well known, and our focus is more on the topological structure and transformation between

different states, which makes molecular dynamics a perfect tool to carry out this investigation.

Here, | present a conceptual outline of my potential work. We could start with a set of
prototypical structures that are of great interest in current drug delivery, including 2D-3D
structures. A few possible modifications can be undertaken, such as changing the length of
crossovers or sequence arrangements. Molecular dynamics will be able to reveal the structural
transformation triggered by pH change and the comparable stability of the structure. It is known
that computational and experimental results are not exactly matched since a simulation mimics
the performance in an ideal environment. However, it is sufficient to capture the trend and can

contribute to shortening the lab research time.
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