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ABSTRACT
Exogenous chemicals (e.g., drugs) and endogenous signaling molecules (e.g.,
growth factors) are important for the treatment of human diseases and the maintenance of
a normal metabolism in the body. However, they can cause severe or fatal toxicity
problems when their concentrations in the body exceed certain ranges1–3. To mitigate
their toxic effects on the body, a myriad of antidotes have been developed. Of them,
nanoparticles (e.g., liposomes) have recently attracted the most attention because
nanoparticles can act as a sink to sequester toxic molecules more efficiently

4,5

. Despite

their promise, most nanoparticles have relatively low affinity in sequestering target
molecules and slow sequestration rates. Moreover, currently available nanoparticle
antidotes cannot be actively regulated to control their capability of sequestering target
molecules. As a result, when nanoparticles are applied to sequester endogenous signaling
molecules, these molecules may be over eliminated, which can also cause severe effects
or even fatality. Thus, it is important that nanoparticle antidotes provide molecularly
controllable target sequestration, which has never been studied before.
This dissertation research explores the concept of bidirectional molecular
recognition control for the development of an open, programmable nanoscale antidote.
This nanoscale antidote can not only sequester target molecules effectively and rapidly,
but also release target molecules via molecular interactions on demand. To construct the
antidote, DNA oligonucleotides were used as programmable building blocks and affinity
ligands (i.e., nucleic acid aptamer) for the synthesis of both linear and branched affinity
DNA polymers (DPs). A magnetic nanoparticle was used as a nanoscaffold to support the
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growth of the DPs on its surface. Each repeating unit of the DP has the capability of
target sequestration. The sequestration functionality of this programmable nanoparticle
antidote was evaluated by using both a small molecule drug and large molecule protein.
This novel antidote was also examined by evaluating its capabilities in mitigating the
biological effects of the drug and the protein. Moreover the reversing of target
sequestration via molecular regulation was validated.
This dissertation has four major chapters. In Chapter 1, current strategies for
developing nanoparticle-based antidotes are systematically reviewed. In Chapter 2, the
synthesis of affinity DNA polymer-functionalized nanoparticles is introduced. In Chapter
3, the functionalities of the programmable antidote for detoxification is demonstrated in
vitro. In Chapter 4, the ability to program the function of the antidote via molecular
regulation is validated. The data suggest that this antidote can sequester both small
molecules and large proteins. Importantly, this antidote can be programmed via strand
displacement to control the molecular sequestration.
The success of this study has opened a new avenue for the development of
antidotes for safe and effective detoxification of either endogenous or exogenous
molecules. Moreover, the programmable antidote explored in this dissertation research
holds great potential as a smart nanomaterial for other biomedical applications, such as
molecularly regulated drug delivery.
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CHAPTER 1. INTRODUCTION
1.1 Abstract

Our body, when healthy, is in homeostasis coordinated by various complex
chemical reactions and signaling pathways. Exogenous chemicals (e.g., drugs) and
endogenous signaling molecules (e.g., growth factors, cytokines) could interfere with the
homeostasis and bring new biological effects to our body. Because of their potent
bioactivities, their concentrations in the body need to be maintained within certain ranges
to perform beneficial effects, otherwise severe side effects or toxicities could be produced.
When exogenous drugs were overdosed, antidotes can be used to antagonize their
detrimental effects. Nanoparticle-based antidotes are an emerging class of antidotes that
have shown great potentials in diminishing or eliminating toxic molecules in the body.
However, some associated limitations still need to be solved to ensure their clinical
potentials, for instance, low affinity and slow sequestration rate for the target. On the
other hand, over-elimination of the endogenous signaling molecules in the body could
also bring severe health problems if not severer, comparing to the situation under which
the concentration of endogenous signaling molecules are too high. This is because that
their presence are usually key to driving various physiological processes. Current
strategies to develop nanoparticle systems are mostly focused on the sequestration of
small molecule drugs and little attention has been paid to large molecule biologics.
Moreover, they have no capability to dynamically regulate the target sequestration on
demand.

1

To tackle these limitations, in this dissertation, a new class of affinity
nanomaterials has been developed utilizing nanotechnologies and DNA technologies.
Nanoparticle was used as a molecular scaffold to support the programmable growth of
affinity DNA polymers on its surface. This new family of nanomaterial has the capability
of not only sequestering small molecule drug and large molecule biologics, but also
dynamically regulating the target sequestration on demand. It is believed that this
platform will have great potentials in drug delivery, detoxification and other applications
which involve target sequestration and molecular regulations.
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1.2 Exogenous Drugs and Drug Poisonings

Drugs are bioactive agents that play a pivotal role for the treatment of virtually all
human diseases over history: from small molecule drugs extracted from natural plants in
ancient Egypt and China[6–8] to monoclonal antibodies synthesized by hybridoma cells
in recent decades[9–11], drugs have been helping people significantly combat diseases
and improve life quality. On the other hand, because of their potent bioactivities, they
could cause serious toxicity problems or even life-threatening situations when misused or
overdosed[3,12]. For instance, calcium channel blockers (CCBs, e.g., Verapermi,
Diltiazem) can block the transport of calcium ions from extracellular matrix to the inside
of muscle cells through calcium channels[13]. Therefore, they are helpful for the
treatment of hypertension, angina or dysrhythmias. However, they also have been found
to have to effect to result in significant morbidity and mortality[14] due to its extended
therapeutic effects. Depending on the amount of drugs used and the patient’s
cardiovascular condition, CCBs could cause problems such as hypotension, bradycardia
and myocardial depression.

In fact, drug poisonings due to overdose and misuse are a common health problem
worldwide[3]. For instance, there were 38,329 drug-overdose-caused deaths in the U.S. in
2010. Most of them are caused by the overdoses of analgesics, sedatives, stimulants and
cardiovascular drugs. For many severe drug poisonings, aggressive procedures and
extracorporeal devices are usually involved, such as administration of active charcoals
that adsorbs toxic molecules in the gastrointestinal track, bowel irrigation and
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haemodialysis that remove toxic molecules from the blood[15]. However, many of these
procedures are intensive and have their intrinsic limitations.

Another strategy is to use antidotes to neutralize the toxic effects in the body.
However, current clinically available antidotes are very limited comparing to the wide
spectrum of drugs that can cause toxicity problems[5]. For instance, about 17 antidotes
account for almost 99% of the total antidotes that have been used in the US[5] (Tab. 1.1).
Moreover, the pharmacological effects of the antidotes themselves should also be
carefully considered as they could also arise adverse effects if not used appropriately[5].
For instance, the use of acetylcysteine to mitigate the toxicity caused by paracetamol
would associate with severe adverse effects such as flushing, urticarial, hypotension and
angioedema. And the nausea and vomiting also occur most frequently[16]. Thereby, i
new strategies are needed to expand the armamentarium of antidotes and improve the
detoxification effects.
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Table 1.1. Reported use of antidotes in the US between 1983 and 1994.
Antidotes

Percentage

Poisoning indications

Acetylcysteine

36.9

Paracetamol

Naloxone

33.4

Opioid agonists, clonidine

Atropine

4.4

Deferoxamine

4.0

Organophosphate or carbamate insecticides or
synthetic choline esters
Iron, aluminum

Antivenins

3.5

Pit vipers

Flumazenil

3.0

Benzodiazepines

Ethanol

2.9

Ethylene glycol, methanol

Hydroxocobalamin

1.9

Cyanide

Physostigmine salicylate

1.8

Anticholinergic agents

Pralidoxime chloride

1.2

Organophosphate insecticides

Digoxin-specific antigen
binding fragments
Pyridoxine

1.2

Digoxin, digitoxin, foxglove, oleander

1.0

Dimercaprol

1.0

Penicillamine

0.6

Hyperbaric oxygen

0.6

Isoniazid, hydrazine, Gyromitra mushroom, ethylene
glycol
Lead, arsenic, gold, inorganic mercury, arsine,
antimony, bismuth, chromium, copper, nickel
Lead, copper, mercury, arsenic, bismuth, gold, zinc,
iron, cadmium
Carbon monoxide, cyanide

Methylene blue

0.6

Methaemoglobinaemia

Cyanide antidote kit

0.5

Cyanide

Edetic acid

0.5

Lead, copper, cadmium, zinc

Phytomenadione

0.4

Warfarin, indandione rodenticides

Calcium salts

0.2

Folic acid

0.1

Hydrofluoric acid, fluorides, calcium antagonists,
black widow spider bites
Methanol

Succimer

0.1

Lead, mercury arsenic

Sodium thiosulfate

0.1

Cyanide

Sodium nitrite

0.1

Cyanide

5

Glucagon

0.0

ß-blockers, calcium antagonists, insulin

Thioctic acid

0.0

Amanita mushroom toxicity

Neostigmine

0.0

Anticholinergic agents
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1.3 Endogenous Signaling Molecules and Their Bidirectional Effects

Endogenous signaling molecules, such as growth factors, cytokines, and hormones,
play a very important role in directing cell behaviors (e.g., proliferation, differentiation,
and migration). They usually interact with their own cell receptors and then initiate
cascade signal transduction pathways inside cells. Because of their potent bioactivities,
they could produce not only beneficial or but also detrimental effects to the body if the
amount presented in a specific biological environment is too high. For instance, bone
morphogenetic proteins (BMPs) are the key growth factors synthesized by our body for
the induction and stimulation of bone formation[17,18]. Because of their biological
functions, recombinant human BMP-2 (rhBMP-2) has been approved by the US Food
and Drug Administration (FDA) for the therapeutic use of bone defects and spinal
fusion[19–22]. An engineered artificial bone graft named INFUSE® which physically
encapsulates rhBMP-2 in a collagen sponge has also been commercially available for
spinal fusion surgery[21,22]. It has been found that BMP-2 can significantly enhance the
bone healing process. However, increasing evidences have shown that there are some
toxicity concerns and problems associated with the INFUSE® bone graft, such as
inflammation, swelling, and even the increasing risk of tumor formation, presumably due
to the exposure of rhBMP-2 in a localized area in high concentration. It is also worth
noting that most of current antidotes are mainly focused on the neutralization of small
molecule drugs rather than the large molecule biologics, though the later one has more
potent biological effects in most cases. On the other hand, deficiency of signaling
molecules can also produce detrimental effects. For instance, patients with type-2
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diabetes are caused by the failure of pancreas in producing insulin in the blood. It is a
serious chronic disease that leads to significant morbidity and mortality[23]. Patients with
this disease would experience vascular complications, such as heart attacks, stroke, and
40% to 50% occurrence of proliferative retinopathy, macular edema (leading cause of
blindness in U.S.). Therefore, the concentration of signaling molecules in the body has to
be maintained within a certain range, to ensure them to perform only the beneficial
effects.
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1.4 Current Strategies for the Development of Nanoparticles-Based
Antidotes and Their Problems

Because of the limited repertoire of clinical antidotes[24] and the advancement
gained in nanotechnologies in the past several decades, great attentions have been paid to
exploring nanoparticles as a new option for detoxification. Different from small molecule
antidotes that antagonize the toxic effects via different of biological pathways,
nanoparticle-based antidotes act in one mechanism: they are used as a sink to sequester
target and thus decrease or eliminate the toxic molecules in the blood or peripheral tissues
(Fig. 1.1). Diverse types of nanomaterials such as liposomes[25,26], core-shell
nanocapsules[27,28],

magnetic

nanoparticles[29–31]

and

molecularly

imprinted

nanoparticles[32,33] have been developed for this application[4] (Tab. 1.2). For all these
nanoparticles, it is desirable that nanoparticles would decrease the concentration of toxic
molecules to a safer level in the circulation system or in the intoxicated tissues after
injection into the body, and be removed from the body finally by kidney or liver.
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Table 1.2. Various forms of nanoparticles under investigation for detoxification.
Form

Composition

Dia.
(nm)

Mechanism

Target drug

Liposomes

POPC/Chol/DPPEPEG
DOPC/Chol±DSPEPEG
DOPC/Chol/DSPEPEG
DMPC/DOPG

100

Enzymatic degradation

Paraoxon

1600

Enzymatic degradation

239

SPC/Chol

Nanoemulsions

Nanocapsules

Nanospheres
Polymers

Dia:

diameter,

Pu-phytate,
Pu-citrate
239
Pu-phytate
239

100-1,600

Chelation

40-45

Amitriptyline

200

Partition/electrostatic
interaction
pH gradient

SPC/Chol

180

pH gradient

Amitriptyline

Soybean oil/egg PC

430

Partition

Bupivacaine

Ethyl butyrate/fatty
acid/poloxamer
SPC/MCT/HAS-EO

15-40

Partition/electrostatic
interactions
Partition

Bupivacaine

PC/MCT/HASPEG±lauric
acid±DSPE-PEG
Hexadecane/polysilox
ane-silicate
PS-80/ethyl butyrate
PC/polysiloxanesilicate
Magnetite

60-90

Partition/electrostatic
interactions

Haloperidol

98

Partition

30-300

Partition

Quinolone
Bupivacaine
Quinolone
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Chelation

ϒ-cyclodextrin
derivative
Dinitrobenzesulfonyl
chitosan

~1

Hydrophobic/electrostat
ic interactions
π-π interactions

POPC:

118

n.a.

palmitoyloleoylphosphatidylcholine,

dipalmitoylphosphatidylethanolamine,

DSPE:

Chol:

Haloperidol

Bupivacaine

Uranyl(2+)
cation
Rocuronium
Amitriptyline

cholesterol,

distearoylphosphatidylethanolamine,

DPPE:
DOPC:

dioleoylphosphatidylcholine, PG: phosphatidylglycerol, DMPC: dimyristoylphosphatidylcholine, DOPG:
dioleoylphosphatidylglycerol, PC: phosphatidylcholine, MCT: medium chain triglycerides, SPC: soybean
phosphatidylcholine, HSA-PEG: poly(ethylene glycol)(660)-12- hydroxystearate, PS-80: polysorbate 80, n.a.:
not available.
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Figure 1.1. Nanoparticle acts as a sink to sequester overdose drugs for detoxification. A)
The schematic of target sequestration by nanoparticles. B) After the treatment of
nanoparticles, the concentration of overdosed drugs decreases to a safer level which is
below the toxicity threshold.
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Criteria of nanoparticles for detoxification

Nanoparticles designed for detoxification share some key criteria as that used for
drug delivery. Among them, biocompatibility, circulation time, capacity for sequestration,
sequestration rate and affinity for target are of paramount importance. In most
circumstances, it is expected that nanoparticles have a long half-life in the body so that
they could have more chance to meet toxic molecules and sequester them. The circulation
time is dependent on several aspects of nanoparticles, such as surface charges,
hydrodynamic size, surface chemistries. It is generally agreed that poly(ethylene glycol)
(PEG)-functionalization on the nanoparticle surface could significantly stealth
nanoparticles from serum proteins in the blood and thus prolong the their half-life[34,35].
Nanoparticles with a size range of 50-200 nm were found to have the maximal circulation
lifetime[36] as smaller sized nanoparticles (<8 nm) would end up in the kidney excretion
and larger sized ones (>200 nm) would be captured by spleen.

Higher sequestration capacity and rapid sequestration rate are also important
aspects of nanoparticles for bringing the concentration of a drug from a toxic to a safer
level. In many cases, the sequestration capability of nanoparticles is governed by partition
coefficient of drugs between the components of nanoparticle and the solvent environment
outside nanoparticle. Surface area also plays an important role here and as smaller
nanoparticles with higher surface areas could have higher sequestration capability[37,38].
Depending on the chemistries of target molecules, affinity moieties can be functionalized
on the nanoparticle surface. For instance, oppositely charged chemical groups were
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functionalized on nanoparticle membrane to improve the sequestration of a charged
drug[39].

Problems associated with current strategies

Although many reported nanoparticle systems have shown new hopes for clinical
detoxification applications, there are several challenges to combat with. In general,
nanoparticles will circulate in the blood stream for ~24 h and end up in liver for further
metabolism. During this circulation period, nanoparticles are expected to avoid the
release of sequestered target back into the body. To ensure a reliable sequestration and
elimination of the toxic molecules from the body, a clear shell or membrane is usually
designed on most nanoparticle systems to decelerate the transport of the sequestered
molecules back[26,27,37]. While this is beneficial to the sequestration stability, it slows
the sequestration of nanoparticles as molecules need to partition through the boundary
into the core. Moreover, many nanoparticles for target sequestration relies on the partition
of the target from solvent to nanoparticles. Thus, they do not have high affinity for target
molecules and this would slow the sequestration rate. Finally, as discussed in above
section, endogenous signaling molecules have bidirectional effects and thus the overelimination would also cause severe adverse effects. Thus, it is desirable to develop a
platform with controlled sequestration function. Taken together, it is desirable to develop
a nanoparticle system with following functionalities: high affinity for target sequestration
but an open system without boundary for rapid target sequestration; capability of
dynamic regulation of target sequestration in an on-demand manner.
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1.5 DNA as New Nanomaterials

Historically, DNA has mainly been viewed as gene carriers with encoded
information in the sequence. During the past decades, however, new surge of studies have
been focused on the use of DNA as generic nanomaterials to build up complex 2 or 3dimensional (2D or 3D) nanostructures and nanomachines, owing to the programmability
which can be encoded in the DNA sequences[40,41]. Moreover, nucleic acids have also
been explored as new affinity nanomaterials (i.e., nucleic acid aptamers) and being
investigated in various applications. The integration of the aptamer technologies and
DNA nanotechnologies will undoubtedly bring new creations and solutions to currently
unaddressed bioengineering and biomedical problems.
DNA as programmable nanomaterials
From the material perspective, the single-stranded DNA (ssDNA) molecule is an
oligomer or a polymer (depending on the length of the ssDNA) consisting of multiple
repeating units of nucleotide bases linked by phosphodiester bonds. Four nucleotide bases:
adenine (A), cytosine (C), guanine (G) and thymine (T) are the basic elements of the
DNA repeating units. One key principle that underpins DNA nanotechnology is that two
ssDNA can form a double-stranded DNA helix (dsDNA) in an anti-parallel direction (5’
to 3’ and 3’ to 5’) following the canonical Watson-Crick base pairing rule (i.e., A pairs
with T via a two-hydrogen bonds and C pairs with G via a three-hydrogen bonds).
Because of the high-fidelity hybridization reaction, and the progress of thorough studies
of thermodynamics of DNA hybridization reaction in the past[42,43], DNA sequences
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can be designed to perform programmable reaction and self-assemble into sophisticated
nanostructures[41,44]. For instance, DNA has been used as molecular tiles to form
different 2D Chinese and English characters[45], or it has been used as molecular bricks
to form 3D hierarchical structures[46].
Nucleic acid aptamers
Nucleic acid aptamers are single-stranded nucleic acids screened against their
target molecules or even cells by a method named systemic evolution of ligands by
exponential enrichment (SELEX)[47,48]. They have many superior properties. First,
aptamers have high binding affinity and specificity. The dissociation constant (Kd)
between aptamers and their targets can be as low as nano molar[49]. For example, a
tenascin-C aptamer has Kd value of ~5 nM[50]. Also aptamers can discriminate subtle
structural differences between target molecules[51] and recognize different epitopes for
one target[52]. Second, because of the chemical nature of nucleic acid, aptamers have
low toxicity and almost no immunogenicity[49] while their counterpart, antibody could
arise severe immunologic problems[53]. Third, because of rigid Watson-Crick base
paring rule, they have the same high-fidelity-hybridization property as that of ssDNA.
Therefore, they could be rationally designed to integrate with other nucleic acid
nanomaterials to perform programmable hybridizations and reactions[54]. Fourth, nucleic
acid aptamers are chemically stable and they can be easily synthesized owing to the
advances of nucleic acid chemistry[55]. Fifth, unmodified aptamers can be easily
degraded by nucleases under physiological conditions. However, there are several
chemical modification strategies that can be applied to enhance their nuclease resistance,
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such as internal modification with phosphorothioate linkages, 2’-fluoro and O-methyl
modifications on the sugar group; terminal modifications with inverted nucleotides. It has
been found that modified nucleic acid aptamers can be strongly resistant to
nucleases[56,57]. For instance, aptamer composed of 2’-O-methyl nucleotides has been
reported to be stable in plasma at 37 °C for 96 h without compromising its affinity (Kd: 2
nM)[56]. Because of these prestigious aspects, nucleic acid aptamers have been
extensively studied as a new class of affinity nanomaterials in many biomedical
applications[49].
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1.6 Development of Affinity Nanoparticles for Target Sequestration via
Programmable DNA Hybridization

To tackle the problems (discussed in section 1.4) associated with current
nanoparticle platforms, here I demonstrated the development of a new type of
nanomaterials engineered with affinity DNA polymers on the nanoparticle surface.
Because there is no boundary around the nanoparticle surface, target can easily diffuse to
the surface area where they can be rapidly captured by affinity sites along the DNA
polymers. The affinity DNA polymers were be formed by a programmable DNA
hybridization and what is more, the target sequestration can also be regulated through a
programmable strand-displacement reaction along the DNA polymers. This new
nanoparticle platform is expected to have great potentials in drug delivery, detoxification
and other bionanotechnologies where molecular regulations are involved.
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1.7 Conclusions

Dynamic regulation of target sequestration is very important as the exogenous
drugs and endogenous signaling molecules all have bidirectional effects. Because of the
programmability and affinity of nucleic acid nanomaterials, here I demonstrated a new
nanoparticle platform prepared by programmable DNA hybridization. This new platform
can not only sequestration target rapidly and strongly, but also has the capability for
molecular regulation of the target sequestered on demand.
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CHAPTER 2. SYNTHESIS OF AFFINITY DNA POLYMERFUNCTIONALIZED NANOPARTICLES (DP-NPS) AND
DNA POLYMER WITH APTAMER-FUNCTIONALIZED
NANOPARTICLES (PA-NPS) FOR TARGET
SEQUESTRATION
2.1 Abstract

The advancement of nanotechnologies during the past decades has provided new
solutions to a plethora of medical problems[58–60]. One emerging example is that
nanoparticles have been used as antidotes for detoxification[4]. Different from traditional
antidotes[61,62], they act as a sink to sequester toxic molecules and thus reduce their
concentrations in the body[4]. There are many superior characteristics of nanoparticles
over traditional antidotes. However, their relatively low affinity to target molecules and
slow sequestration rate impede their clinical potentials. This is largely due to the fact that
the sequestration of current nanoparticle-based antidotes rely on partition of target
molecules into a closed boundary outside the nanoparticle core[26,27,63]. To solve this
problem, I proposed to develop an open system engineered with nanoparticle and affinity
DPs with linear and branched structures. Affinity DPs are synthesized via a programmed
DNA hybridization and the nanoparticles act as a molecular support to the affinity DPs.
Gel electrophoresis, flow cytometry and fluorescence imaging were used to characterize
the formation of affinity DPs both in aqueous solution and on substrates.
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2.2 Introduction

Nanomaterials with the ability of sequestering target molecules hold great potential
for a variety of applications such as drug delivery[58], biological separation[64],
chemical sensing[65,66], molecular imaging[67–69], and antidote development[26,27].
Diverse classes of nanomaterials such as lipid-based nanoemulsions[70,71], core-shell
nanocapsules[27,72],

magnetic

nanoparticles[73,74]

and

molecularly

imprinted

nanoparticles[32,33] have been widely studied for these promising applications. Most of
these nanomaterials have a clear boundary or compact structures separating their inside
from the environment, behaving as closed systems to ensure the stable sequestration of
target molecules. This feature is beneficial to certain applications such as drug delivery
since the boundary and compact structures will ensure high efficiency of molecular
loading. However, it may pose a challenge to applications where fast molecular transport
from the environment to nanomaterials is critical. This challenge would be overcome by
developing nanomaterials as open systems without a boundary or compact structures.
However, open systems may lose sequestered molecules since there is no barrier to
prevent their escape.

To solve this problem, I developed a nanomaterial that is open to the environment
but has high affinity for target molecules using programmed DNA hybridization. This
nanomaterial with linear or branched affinity DPs extended from the nanoparticle surface
is expected to have a great capability of sequestering target molecules.
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2.3 Materials and Methods

Materials

All oligonucleotides (Tabs. 2.1 and 2.2) were ordered from IDT with high
performance liquid chromatography (HPLC) or desalting purification methods (Coralville,
IA). 10× Phosphate buffered saline (PBS) and agarose were purchased from Fisher
Scientific (Suwanee, GA). Streptavidin-coated iron oxide nanoparticles were ordered
from Ocean Nanotech (San Diego, CA). Streptavidin-coated polystyrene microparticles
(mean diameter: 5 µm) were purchased from Spherotech (Lake Forest, IL). NanoSep
(100 K cuttoff size) was obtained from Pall Corporation (Port Washington, NY). The
DNA ladder and SYBR-Safe were purchased from Invitrogen (Carlsbad, CA). Other
chemicals were obtained from Sigma-Aldrich (Louis, MO). N,N-diisopropylethylamine
(DIPEA) was obtained from Thermo Fisher Scientific (Waltham, MA). Mica was
purchased from Asheville-Schoonmaker Mica Company (Newport News, VA). Atomic
force microscope (AFM) cantilever (SCANASYST-FLUID+) was purchased from
Bruker (Camarilla, CA).
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Table 2.1. Oligonucleotides.
Name

Sequence (5’ to 3’)

Sequences for Dox experiments
DI

/biotin/-CACACCGAGCTCCCACCCGATCGTCACCT

DM1

/Cy5/CCCACCCGATCGTCACCTAGCTCGAGGTGACGATCGGGTGGGAGCTCG

DM2

CGAGCTAGGTGACGATCGGGTGGGCGAGCTCCCACCCGATCGTCACCT

Sequences for thrombin experiments
DI

/biotin/-AAAAACAAAGTAGTCTAGGATTCGGCGTG

DM1

TTTCCCTTATATTCTCTCTCTCTCC
AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG

DM2

TTAACCCACGCCGAATCCTAGACTCAAAGTAGTCTAGGATTCGGCGTG

C-DM1

AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG

TA

/TAMRA/-GAGAGAGAATATAAGGGAAAAAAAAGGTTGGTGTGGTTGG

Sequences for branched DNA polymers synthesis experiments*
DI

CCTCATCCCACTCCTACCTAAACCAAAAA-/biotin/

DML1

GGTTTAGGTAGGAGTGGGATGAGGCCAAATCCTCATCCCACTCCTACC

DML2-DIB

CCACTCACTCACCTCACCTTCAACCTTCACCTCATCCCACTCCTACCTAA
ACCGGTAGGAGTGGGATGAGGATTTGG

DMB1

GTTGAAGGTGAGGTGAGTGAGTGGCCACTTCCACTCACTCACCTCACC

DMB2

CCACTCACTCACCTCACCTTCAACGGTGAGGTGAGTGAGTGGAAGTGG

DMB2-TB2

TTTCCCTTATATTCTCTCTCTCTCCCCACTCACTCACCTCACCTTCAACGG
TGAGGTGAGTGAGTGGAAGTGG

TA

/TAMRA/-GAGAGAGAATATAAGGGAAAAAAAAGGTTGGTGTGGTTGG

Note: The letters between two slashes indicate the chemical modification of the sequence.
DI: DNA initiator; DM: DNA monomer; C-DM1: control DM1 without overhang; TA:
anti-thrombin aptamer; the subscripts, “L” and “B”, indicate that the DM is used for the
synthesis of linear DPs or DP branches respectively. * Linear DNA polymers with
hybridized aptamers were synthesized using sequences for thrombin experiments.
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Table 2.2. Oligonucleotides.
Name

Sequence (5’ to 3’)

DI

CCTCATCCCACTCCTACCTAAACCAAAAA-/biotin/

DML1

GGTTTAGGTAGGAGTGGGATGAGGCCAAATCCTCATCCCACTCCTACC/FAM/

DML2

CCTCATCCCACTCCTACCTAAACCGGTAGGAGTGGGATGAGGATTTGG

DML2-DIB

CCACTCACTCACCTCACCTTCAACCTTCACCTCATCCCACTCCTACCTAA
ACCGGTAGGAGTGGGATGAGGATTTGG

DMB1

GTTGAAGGTGAGGTGAGTGAGTGGCCACTTCCACTCACTCACCTCACC

DMB2

/FAM/CCACTCACTCACCTCACCTTCAACGGTGAGGTGAGTGAGTGGAAGTGG

Note: DI, DML1 and DML2 were used for the preparation of LDP-MPs, DI, DML1, DML2DIB, DMB1 and DMB2 were used for the preparation of BDP-MPs.
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Preparation of affinity DPs and PAs

DIs and DMs were designed using NUPACK server (www.nupack.org)[75]. The
secondary structures of the DNA sequences were also predicted using NUPACK. Before
the synthesis of DPs or PAs, the oligonucleotides were heated to 95 °C for 5 min and
then cooled to room temperature for 1 h. The mixture of the DI and the two DMs was
incubated at room temperature overnight for the synthesis of DPs. The concentration of
the DI was 0.1 µM and the two DMs were 1 µM. All the reactions occurred in PBS. To
synthesize PAs, the aptamer solution of 1 µM was reacted with DPs for 8 h at room
temperature.

Preparation branched DNA polymers (BDPs) and branched DNA polymers
with aptamers (BPAs)

Similar method was used for the syntheses of BDPs and BPAs as described
above for the synthesis of linear DNA polymers (LDPs). Briefly, to synthesize BDPs,
DMBs (both at 2 µM) was added to react with the LDPs for approximately 12 h at room
temperature. The molar ratio of DMBs to DMLs was 5:1. To synthesize BPAs, TA (~2.1
µM) were added to react with BDPs. The molar ratio of TA and DMB2-TB2 was 1.2:1.

Gel electrophoresis

All DNA samples prepared as described above were loaded into the wells of 0.8%
or 1% agarose gel (Tris-borate-EDTA buffer, 89 mM boric acid, 2 mM EDTA, pH 8.2),
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which was pre-stained with or without SYBR-Safe (0.1 µL of stock solution per mL of
agarose gel). The gel electrophoresis was run at 100 V for 60 min. The gels were imaged
using a CRI Maestro EX System (Woburn, MA) following these procedures: blue (485
nm), green (523 nm) and yellow (595 nm) lights were used to excite SYBR-Safe,
TAMRA and cy5 respectively; the emission signals were recorded in the range of 500720 nm, 560-750 nm and 630-800 nm in 10 nm steps correspondingly. The fluorescence
intensity was determined by using the software provided by the manufacturer.

Mica modification

Mica was modified with (3-aminopropyl) triethoxysilane (APTES) prior to use to
facilitate the immobilization of negatively charged DNA molecules onto the mica[76].
Briefly, mica was cut into square with a diameter ~1.5 cm and then into octagon shape. It
was then freshly cleaved with a thickness ~0.1 mm. A desiccator (1.5 L) with two
Eppendorf caps placed at the bottom was vacuumed for ~5 min and then purged with
argon gas. 90 µL of APTES and 30µL of DIPEA were added in the two Eppendorf caps
in the desiccator. The freshly cleaved mica was placed at the top of the desiccator using a
metal rod and metal clip. The modification processed for 2 h at room temperature in the
atmosphere of the two evaporated chemicals. After that, the caps were taken out and the
desiccator was purged with argon gas for another 2 min. The mica was cured in the
desiccator for 1 day in argon atmosphere before used in AFM studies.
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AFM imaging

DNA samples were deposited on the APTES-modified mica surface for all AFM
studies. DNA samples were first diluted in TE buffer (20 mM Tris-HCl, 1 mM EDTA
and 200 mM NaCl) to the concentration of 0.2-0.6 ng/µL. 50 µL of diluted DNA samples
were deposited on the modified mica for 2 min to allow the DNA to adsorb on the
modified mica surface. Additional 40 µL TE buffer was added to fill the gap between the
mica and AFM cantilever. Silicon tips, SCANASYST-FLUID+ (tip radius: ~2 nm;
resonance frequency: ~150 kHz; spring constant: ~0.7 N/m; length: 70 µm; width: 10 µm)
were used for all AFM experiments. All the AFM images were taken using Dimension
Icon (Bruker) in Peak Force Tapping mode in fluid. The scan rate was 1 Hz with 512
pixels per line. The images were post-processed using NanoScope Analysis (1.4 version).

Preparation of affinity DP-functionalized nanoparticles (DP-NPs), PAfunctionalized nanoparticles (PA-NPs) and other nanoparticles

In a typical procedure, streptavidin-coated iron oxide nanoparticles (0.83 mg/mL)
were mixed with biotinylated DI (2 µM) at room temperature for 1 h in low saltcontaining buffer. After the removal of free DI via centrifugation at 14,000 × g for 15
min, nanoparticles were incubated in reaction buffer 1 (PBS with 0.05% v/v Tween 20
and 0.02% w/v NaN3) containing the two DMs (2 µM) at room temperature overnight.
The as-synthesized DP-NP solution was centrifuged using NanoSep (100 K cuttoff size)
at 5000 × g for ~8 min to remove unreacted DMs and to harvest the DP-NP pellets. To
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synthesize PA-NPs, the aptamer solution (4.5 µM) was incubated with the DP-NPs
overnight at room temperature in reaction buffer 2 containing 20 mM Tris-acetate, 100
mM NaCl, 5 mM KCl, 0.1% v/v Tween 20, and 0.02% w/v NaN3. The PA-NPs were
harvested using NanoSep. Nanoparticles with LDPs and hybridized TA (LPA-NPs),
BDPs and hybridized TA (BPA-NPs) were prepared using similar stepwise procedures as
that of PA-NPs in reaction buffer 2. The DNA sequences in Tab. 2.1 were used in this
experiment. The reaction time for the syntheses of linear and branched DNA polymers on
nanoparticles was at least 8 h and the hybridization of TA to both DNA polymers were 2
h. After each step, NanoSep filters were used to purify and collect nanoparticles.

Preparation of microparticles with LDPs (LDP-MPs) and BDPs (BDP-MPs)

The DNA sequences in Tab. 2.2 were used in this experiment. To prepare LDPMPs, microparticles (20 µg) were mixed with biotinylated DI (5 nM) in PBST (PBS, 0.1%
v/v Tween 20, 0.02% NaN3) for 1 h at room temperature on a rotator. Microparticles
were purified via centrifugation (10,000 × g for 8 min) to remove unreacted DI, followed
by reacting with DMLs (both at the concentrations of 50 nM) in PBST for at least 8 h
under the same condition. The as-synthesized LDP-MPs were harvested by centrifugation
(2,000 × g for 10 min). To prepare BDP-MPs, DMBs (both at the concentrations of 250
nM) were added to the LDP-MPs with overhung DIB for another 8 h of reaction. BPDMPs were harvested via centrifugation as well. The microparticles were suspended in
PBST for further analysis.
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Flow cytometry analysis of the microparticles with different DNA polymers

Microparticle suspensions were examined using guava easyCyteTM flow cytometer
(Millipore) with blue light (Ex, 488 nm) and green filter (Em, 525±30 nm). 5,000 events
were recorded for each sample. The fluorescence intensity of microparticles were
quantified using FlowJo software and geometric means were calculated and shown in the
form of average ± standard deviation (n=3).

Fluorescence imaging of nanoparticles and microparticles

DMs and TA were labeled with different fluorophores (Tab. 2.1) for the
examination of DP-NPs, PA-NPs, LPA-NPs and BPA-NPs. DMs labeled with FAM were
used for the examination of LDP-MPs and BDP-MPs (Tab. 2.2). After the syntheses of
different types of nanoparticles or microparticles, they were dispersed in their
corresponding reaction buffers and transferred onto a Teflon-coated glass slide as
droplets. The particle droplets were imaged to capture the fluorophore signals using the
CRI Maestro EX System using similar settings as described previously. The fluorescence
intensity was determined by using the software provided by the manufacturer.

Measurement of nanoparticle sizes via dynamic light scattering (DLS)

Nanoparticles (10 or 20 µg) were dispersed in 1 mL of corresponding buffers that
were filtered through 0.2 µm membrane (Corning) beforehand. The nanoparticle
dispersions were transferred to a 12 mm Square Polystyrene Cuvette and were
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characterized using Zetasizer Nano (Malvern Instruments). The hydrodynamic size
distribution over intensity was presented and the z-average size generated by the software
provided by the manufactuer was used.

Statistical analysis

Data are presented as mean ± standard deviation (SD). A two-tail Student’s t-test is
used to analyze two set of data and when the p-value is 0.05 or less, it is considered as
significantly different.
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2.4 Results and Discussion

Synthesis of affinity DPs in aqueous solution
The synthesis of the DPs involves three DNA sequences: DNA initiator (DI), two
DNA monomers (DMs). DI is a single-stranded oligonucleotide and DMs have similar
hairpin structures with 6-nt (nucleotide) toeholds, 6-nt loops and 18-bp (base pair) stems
(Fig. 2.1A). The stepwise reaction is shown in Fig. 2.1B. In the presence of DI, two DMs
are transformed from the intramolecular hybridization state into the intermolecular
hybridization state. DI first hybridizes with DM1 with the aid of the 6-nt toehold region
and opens half of the stem of DM1. The loop and unhybridized regions of the opened
DM1 possess the same function as DI to further hybridize with DM2, which in turn leads
to the opening of the stem of DM2 for the subsequent hybridization with DM1. This
sequential hybridization process is continued to form DPs. The gel electrophoresis image
shows that DPs were successfully synthesized (Fig. 2.1C). Meanwhile, it shows that the
molecular weights of DPs largely fell into the range from 600 bp to 1500 bp, indicating
that the molecular weight distribution of DPs was wide. This observation may stem from
the inherent probability whether an opened monomer maintains the reactivity to hybridize
with a closed monomer or becomes a less active end. While the initiator and monomers
were purified via high performance liquid chromatography, their practical purity could
not reach 100%. The impure oligonucleotides with base mismatches have lower
reactivity[77,78] and therefore have negative effects on the growth of DPs. Studies have
also shown that DNA can form cyclic structures[79] that would terminate the
polymerization.
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Figure 2.1. Synthesis of affinity DPs. A) Predicted secondary structures of DI and DMs.
3’ ends are indicated by grey arrow heads. B) Schematic illustration of the step-wise
DNA polymerization. 3’ ends are indicated by arrow heads. C) Gel image showing the
formation of DPs. The concentration of DI was 0.1 µM. The concentrations of DM1 and
DM2 were both 1 µM. The time of the polymerization was 12 h. The DNA ladder in 100bp increments is shown in the last lane. The red box shows the DPs.
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Synthesis of affinity DP-NPs
Next, I synthesized and immobilized DPs on streptavidin-coated magnetic
nanoparticles to produce DP-NPs. It is important to note that there are a variety of
conjugation methods available to conjugate oligonucleotides to a supporting substrate.
Thus, while I used biotin and streptavidin to immobilize DI on nanoparticles, any
chemical conjugation methods can in principle be applied to optimize the immobilization
of DI onto nanoparticles and therefore the synthesis of DPs on nanoparticles.

DM1 was labeled with Cy5 for the examination of DP synthesis on nanoparticles.
The images show that the fluorescence intensity of DP-NPs was significantly stronger
than those of two controls including nanoparticles (NP) and nanoparticles with only DM1
(DM1-NP) (Fig. 2.2A). The DP-NPs exhibited fluorescence intensity approximately 50
times as strong as DM1-NPs. Based on the DI density on the nanoparticle surface and the
calculation, each nanoparticle had approximately 86 DPs on its surface. DLS was also
used to examine the nanoparticles. The hydrodynamic diameters of DP-NPs, DM1-NPs
and NPs were 190.9, 71.7 and 69.0 nm, respectively (Fig. 2.2B). To further understand
the DNA polymerization, I examined unreacted DMs after the polymerization using gel
electrophoresis. The gel image indicates that the incorporation efficiency of the DMs was
approximately 70% (Fig. 2.2C). Taken together, these results demonstrate that DPs were
successfully synthesized on the nanoparticle surface.
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Figure 2.2. Synthesis of affinity DP-NPs. A) Fluorescence images of nanoparticle
suspensions including NP, DM1-NP and DP-NP. DM1 was labeled with Cy5 at the 5’ end.
The fluorescence intensity was examined using a CRI Maestro imaging system. B) Size
characterization with DLS. C) Examination of unreacted DMs with gel electrophoresis.
After DNA polymerization, supernatants were collected via centrifugation and loaded
into 1% agarose gel. The gel was pre-stained with SYBR-Safe prior to electrophoresis.
The gel was imaged using the CRI Maestro imaging system. The amounts of unreacted
DMs were estimated by measuring the fluorescence intensity of the bands. The control
was the supernatant collected from the mixture of DMs and nanoparticles without
biotinylated DI.
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Syntheses of PAs and PA-NPs
To efficiently sequester large molecule biologics (e.g., thrombin), I further
synthesized an affinity DP with multiple nucleic acid aptamers to form PAs on
nanoparticles and studied the functionality of PA-NPs in target sequestration for two
considerations. First, to make the nanomaterial as a potential universal platform, it is
important to synthesize affinity DPs that can in principle be rationally designed to bind
any molecule of interest with high strength. While certain double-stranded
oligonucleotides can bind to target molecules with high affinity, it is more technically
feasible to identify high-affinity single-stranded nucleic acid aptamers in vitro from
synthetic oligonucleotide libraries[47,48]. There is no theoretical limit to the selection of
single-stranded aptamers against any targets ranging from small molecules to large
biomolecules[80]. Second, recent advances in biotechnology have enabled the large-scale
production of various highly potent biologics such as growth factors, cytokines and
vaccines[81,82]. While these biologics have demonstrated great potential for the
treatment of various human diseases, their high potency may also result in more severe
toxicity than small molecule drugs[1,2]. However, in comparison to small molecule drugs,
the development of antidotes to mitigate the toxicity of these highly potent biologics has
received very little attention. Since aptamers can bind biologics with high affinities and
specificities comparable to antibodies, they are promising affinity ligands for the
development of nanoscale antidotes for biologics. Thus, I synthesized PA-NPs and
further examined the functionality of PA-NPs in thrombin sequestration.
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The synthesis of PAs involves two steps. In the first step, a DP scaffold was
synthesized (Fig. 2.3A). Specifically, DM1 had a 25-nucleotide overhang that protrudes
from the DP backbone and was used to hybridize with the aptamer. The structural
prediction shows that the 25-nucleotide overhang was single-stranded and had no
intramolecular hybridization with other regions of the monomer (Fig. 2.3B), indicating
that the overhang would not interfere with the synthesis of DPs but had the capability to
hybridize with the anti-thrombin aptamer (TA). The gel image shows that DPs could be
synthesized with the monomer with the overhang (Fig. 2.3C), which is consistent with
the structural prediction. In the second step, DPs were hybridized with the aptamers (Fig.
2.3A). The gel images show that the TAMRA-labeled TA hybridized with DPs to form
PAs, as indicated by the overlap of green and red colors (Fig. 2.3D). Based on the
measurement of the fluorescence intensity of free TA, each PA had approximately seven
TA.
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Figure 2.3. Synthesis of PAs. A) Schematic illustration of the syntheses of the DP
scaffold and PA via hybrid chain reaction and intermolecular hybridization. B) Predicted
secondary structures of DM1 and TA. The green box indicates the aptamer domain of TA.
The purple boxes indicate the hybridization domains of DM1 and TA. C) Gel image
showing the formation of DPs with short overhangs before the hybridization with TA.
The gel was stained with SYBR-Safe before imaging. D) Gel images for the
characterization of PA synthesis. PAs are highlighted using the red box. TA was labeled
with TAMRA at the 5’ end.
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To illustrate whether PAs could be synthesized on nanoparticles, the nanoparticles
were examined with fluorescence imaging. The images show that the fluorescence
intensity of PA-NPs was significantly stronger than those of three control nanoparticles
(Fig. 2.4). Specifically, the fluorescence intensity of PA-NPs was ~26-fold stronger than
that of nanoparticles with only DM1 and TA (MA-NP). Clearly, our results show that PANPs were successfully synthesized with the DP, the aptamer and the nanoparticle.
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Figure 2.4. Fluorescence images of nanoparticle suspensions. DP-NPs were hybridized
with TA to form PA-NPs. Nanoparticles without modifications, with only DM1 and with
control DPs are denoted as NP, MA-NP and DP-NP respectively. The dotted circles
outline the nanoparticle suspensions for clear legibility.
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Synthesis of BDPs via two-step DNA polymerization
The affinity sites on the DPs relies on the hybridization of aptamers onto each
repeating unit along the DP scaffold. Therefore, the number of the affinity sites on the DP
scaffold is limited by the number of repeating units of DPs. To further increase the
available sites on DP scaffold to hybridize with aptamers, I used a second-step
polymerization to synthesize DNA branches on the linear backbone of the original DPs.
DNA polymerization initiated by the new DIB
To form the branches on each repeating unit along the linear backbone of DP, I
added a new DIB domain on one of the original DMs (i.e., DML2-DIB), by which a
second-step DNA polymerization can be initiated on each of this monomer. DML2-DIB
contains the original 48nt hairpin that is used for the first-step DNA polymerization, 5nt
spacer to avoid the presumable steric hindrance and a 24nt new DIB that can initiate the
second-step DNA polymerization (Fig. 2.5A). Before examing the synthesis of BDPs, I
first tested whether the new DIB on DML2-DIB could initiate the second-step DNA
polymerization (Fig. 2.5B). As shown in Fig. 2.5C, the DNA polymers were successfully
synthesized via the initiation of DIB on DML2-DIB while in contrast no DNA polymers
were formed for the controls where DML2 without DIB was used or DML2-DIB was not
presented.
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Figure 2.5. The polymerization initiated by new DI on DML2-DIB. A) Sequences and
predicted secondary structure of DML2-DIB. B) DNA polymerization initaited by new DI
on DML2-DIB. C) Gel image of the DNA polymerization. DNA ladder in 1 kb increments
is shown in the last lane.
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Synthesis of BDPs
Next, I examined the synthesis of BDPs utilizing the two-step DNA
polymerization strategy. The second set (i.e., DMBs) of DMs were added after the
formatin of the LDPs with the overhangs of DIB on each repeating unit (Fig. 2.6A). From
Fig. 2.6B we can see that the molecular weights of DNA after adding DMBs (lane 4 from
the left) increased dramatically comparing to that of before (lane 2), indicating the
addition of DNA branches along the original LDPs via the second step polymerization
initiated by DIB. In contrast, there was no obvious molecular weight change between
DNA before (lane 1) and after (lane 3) adding DMBs to the LDPs without overhangs of
DIB. It is worth noting that molecular weight distribution of BDPs (lane 4) was relatively
wide and there were visibly two populations for BDPs (lane 4) with low and high
molecular weights as shown in Fig. 2.6B. The lower-molecular-weight population is
presumably the products of LDPs initiated by the unreacted DML2-DIB left in the firststep DNA polymerization while the higher-molecular weight population is most likely
the products of BDPs as their molecular weights increased significantly in contrast to the
original ones. This speculation is supported by the AFM imaging of BDPs (Fig. 2.6C). It
was found that there existed both obvious linear DNA structures and branched DNA
structures. The branched structure is evidenced by the bright nodes in the AFM image,
from which the new DNA branches were sprouted in the second step polymerization.
Moreover, the size of the branched DNA is also much larger than the coiled linear DNA.
Some of the branched structures show lengths of ~200 nm or even ~500 nm in the
vertical and horizontal directions.
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Figure 2.6. Synthesis of BDPs. A) Synthesis pathway of the BDPs. B) Gel image that
shows the formation of BDPs. Lane 1: DIL+DML1+DML2; lane 2: DIL+DML1+DML2-DIB;
lane

3:

(DIL+DML1+DML2)+(DMB1+DMB2);

lane

4:

(DIL+DML1+DML2-

DIB)+(DMB1+DMB2); lane 5: DNA ladder in 1 kbp increments from 1000 bp to 12000 bp.
Hyphen (-) indicates that the two domains are in the same sequence; plus (+) indicates
that the two sequences are added together. C) AFM images of BDPs.
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Flow cytometry analysis of the synthesis of BDPs on microparticles
To further examine the synthesis of BDPs, I prepared BDPs on the microparticle
surfaces using FAM-labeled DMs so that the fluorescence of the microparticles can be
analyzed after each DNA polymerization. As it can be seen from the flow cytometry
results and fluorescence images in Fig. 2.7, BDP-MPs exhibited much stronger
fluorescence than that of LDP-MPs. The fluorescence of the former one is almost fivefold higher than that of the latter one. This result agrees well with the theoretical
calculation that the BDP has five-fold more monomers that that of LDP. It indicates that
BDP was successfully synthesized via the two-step DNA polymerization, as after
forming the branches, more fluorophore-labeled DMBs were presented on the BDP
scaffold comparing with that on the LDP one.
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Figure 2.7. Examination of the BDPs synthesis on the microparticle surface. A)
Schematic illustration of the fluorophore-labeled LDP and BDP on the microparticle
surfaces. DMs were labeled with FAM. B) Flow cytometry analysis of the microparticles
with LDP or BDP, or without DNA on their surfaces. C) Quantification the fluorescence
of the microparticles shown in B) (** p<0.005, n=3). Inset: Maestro imaging of the
corresponding microparticle suspensions.
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Synthesis of affinity branched DNA polymers with aptamers (BPAs) and
BPA-functionalized nanoparticles (BPA-NPs)
Synthesis of BPAs
After demonstrating the feasibility of synthesizing BDPs via two-step DNA
polymerization, next I examined whether TA could hybridize with BDP scaffold via
intermolecular hybridization. To allow the hybridization, I added DMB2 (i.e., DMB2-TB2)
with two new domains: a 20nt domain that is complementary to a domain on TA so that
they could hybridize with each other and a 5nt domain as a spacer (Fig. 2A). It was found
that there was no negative effect of the two new domains of DMB2-TB2 on the DNA
polymerization as we can see that there was no obvious difference between the BDPs
using original DMB2 (Fig. 2.8B, lane 6) and the new DMB2-TB2 (lane 7). Moreover, TA
could only hybridize with DMB2-TB2 (lane 5) rather than the original one (lane 4) as there
was no complementary domain to hybridize with. More importantly, TA successfully
anchored on the BDP as cy5 fluorescence (red) from TA overlapped with the SYBR-Safe
fluorescence (green) from DNA polymer scaffold (lane 7), while in contrast, no cy5
fluorescence was shown on on the BDPs without the new 20nt domains (lane 6).
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Figure 2.8. Synthesis of BPAs. A) Stepwise reaction pathway. B) Gel electrophoresis
images that demonstrate the hybridization of TA onto the BDP scaffold.
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Synthesis of BPA-NPs
As my goal is to synthesize BPA-NPs, after demonstrating the synthesis of BPAs
in aqueous solution, I studied whether BPA could be synthesized on the surface of
nanoparticles (i.e., BPA-NPs). TA was labeled with cy5 fluorphore so that if TA is
presented on the nanoparticle surface via intermolecular hybridization with BDPs, it
would exhibit cy5 fluorescence. As we can see from Fig. 2.9A and B, BPA-NPs show a
much stronger red fluorescence comparing to that of other controls (i.e., NPs and LPANPs), indicating that the formation of DNA branches along the backbone of LDPs could
readily increase the availalbe sites for anchoring affinity aptamers. It is worth noting that
the signal of BPA-NPs was 50 times higher than that of LPA-NPs, while the theoretical
amount of TA on the former one is only 5 times more than that of the later one. The
discrepancy might be caused by the fact that nanoparticles could quench fluorescence
when the fluorophore molecules are adjacent to its surface[83,84]. Given that cy5
fluorophore on LPA-NPs is closer to the nanoparticle, it would lead to more quenching
effect on LPA-NPs than that on BPA-NPs. DLS was also used to measure the size of
each nanoparticle. It was found that the hydrodynamic diameter of BPA-NPs increased
significantly comparing with other nanoparticles due to the increase of DNA scaffold
density on the nanoparticle surface. The z-average diameter of BPA-NPs is 294.0 nm
while that of LPA-NPs and NPs are 59.5 and 49.1 nm. It should be noted that the size of
nanoparticles with linear DPs was much smaller than the previous value of similar DNA
structures. This is because that the density of the DI on the nanoparticles was purposely
decreased 4-fold and so does the DP density on the nanoparticle surface.
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Figure 2.9. Examination of the synthesis of BPA-NPs. A) Fluorescence images of
different nanoparticle suspensions. B) Quantification of the fluorescence intensity of the
nanoparticle suspensions in A). C) Hydrodynamic size of different nanoparticles
measured by DLS.
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2.5 Conclusions

In this chapter, the synthesis of linear DPs via a programmable DNA
polymerization and the preparation of PAs through the hybridization of aptamers with
DPs, both in aqueous solution and on the particle surface, have been demonstrated.
Syntheses of BDPs and BPAs have also been demonstrated via a step-wise reaction
pathway. It has shown that BPA-NPs possess more aptamers than that of LPA-NPs due to
the higher density of DMs available for hybridizing with aptamers. Because of the
existence of multiple aptamers along the DNA scaffolds on the nanoparticle surface and
the open structure of this system, our platform has great potential to sequester target
molecules efficiently and rapidly, which was demonstrated in the next chapter.
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CHAPTER 3. AFFINITY DP-NPS AND PA-NPS AS
ANTIDOTES FOR TARGET SEQUESTRATION
3.1

Abstract

Drugs can result in serious toxicity problems or even threaten patients’ lives when
their concentrations exceed certain ranges. In contrast to the wide range of the potentially
toxic chemicals, there are only limited amount of antidotes that can be used clinically to
antagonize their toxicities[5]. As an emerging strategy, various nanoparticles have been
developed and studied for the decrease or elimination of toxic molecules when their
concentrations in the body exceed a threshold. In addition to small molecule drugs, large
molecule biologics (e.g., cytokines, growth factors) are generally more potent and they
can lead to severe adverse effects or life-threatening effects. However, little attention has
been paid to the detoxification of large molecule biologics. In this chapter, I
demonstrated the capabilities of the affinity DNA polymers-functionalized nanoparticles
in the sequestration of small molecule drug and large molecule biologics. The abilities in
mitigating drug’s toxicity to cells and retarding biologically catalyzed reaction were also
examined to demonstrate the functionality of the affinity nanoparticles.

50

3.2

Introduction

Though helpful for the treatment of virtually all human diseases, drugs are toxic
chemicals that can result in detrimental toxicity problems. Currently there are only
limited antidotes available that can be clinically used for combating their side effects. For
example, 17 agents account for almost 99% of all antidotes[5]. This is mostly because of
the limited knowledge about the mechanism that an antidote can antagonize the toxic
effect of the drug. A variety of nanoparticles have been engineered as a new family of
antidotes[4]. Different from the biological mechanism of a traditional antidote,
nanoparticles can behave as a sink to sequester toxic molecules and mitigate their
biological effects. In addition to small molecule drugs, large molecule biologics have
attract tremendous attentions for their pharmaceutical potentials, owning to their high
biological potencies and recent advances in producing large-scale products[81].
However, few studies have been reported for the mitigation of the toxicity from large
molecule biologics.

To tackle these problems, I engineered an affinity nanoparticle platform with the
aid of programmed DNA hybridization. Nucleic acid aptamers were used as affinity
ligands along the backbone of the DPs. The nanoparticles can not only sequester small
molecule drugs but also large molecule biologics.
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3.3 Materials and Methods

Materials

Hoechst 33342, human umbilical vein endothelial cells (HUVECs) and cell culture
reagents were purchased from Invitrogen (Carlsbad, CA). The cell proliferation assay kit
was ordered from Promega (Madison, WI). The Tris-acetate was ordered from Amresco
(Solon, OH). Dox, human thrombin, and other chemicals were obtained from SigmaAldrich (Louis, MO). The pooled normal human plasma (supplemented with sodium
heparin) was ordered from Innovative research (Novi, MI). The human thrombin ELISA
kit was purchased from Assaypro (St. Charles, MO).

Study of the kinetics of Dox sequestration

To examine the kinetics of Dox sequestration by DPs, Dox was mixed with DPs at
room temperature. The molar ratio of DPs and Dox was 1:50. At the predetermined time
points, the fluorescence intensity of the solution was examined using NanoDrop 3300
Fluorospectrometer. To examine the kinetics of Dox sequestration by DP-NPs, Dox and
DP-NPs were mixed and immediately transferred to 96-well fluorescence plate. The
fluorescence of the mixture was measured at 592 nm at different time points using
microplate reader.
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Stability of DPs and DP-NPs in serum

To study the stability of DPs in serum, cy5-labeled DM1 was used to prepare the
DPs. DP solution was mixed with the whole FBS with the final serum concentration of 70%
for different periods of time at 37 °C before running gel electrophoresis. DP-NPs were
also prepared with cy5-labeled DM1 to study their stability in serum. DP-NP suspension
was transferred into the whole FBS with the final serum concentration of 70% and the
mixture was incubated at 37 °C on a shaker (300 rpm) for different periods of time. The
DP-NPs were transferred into the reaction buffer for washing and centrifuged at 14,000
×g for 10 min for particle harvesting. DP-NPs were re-dispersed in 20 µL of reaction
buffer before imaged with Maestro. The fluorescence intensities of the DP-NP
suspensions were measured using the software provided by the Maestro manufacturer.

To preliminarily examine the potential of DP-NPs in real detoxification
applications, the capability of DP-NPs in sequestering Dox in serum was also studied.
Briefly, the DP-NPs were mixed with FBS at 37 °C and the mixture was sampled at a
predesigned time interval. The mixture was diluted in the reaction buffer with 5mM
MgCl2 and immediately measured using a fluorescence microplate reader. The
fluorescence intensity of the mixture was normalized to that of the buffer that had Dox
but had no nanoparticles.
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Examination of the capability of Dox sequestration
To examine Dox sequestration by DPs, Dox was incubated with DPs for 30 min at
room temperature with the molar ratio varied from 1:400 to 1:20. The fluorescence
intensity of the solution was examined using NanoDrop 3300 Fluorospectrometer
(Thermo Scientific). To examine Dox sequestration by DP-NPs, 50 µL of nanoparticle
suspension (0.4 mg/mL) in PBS containing 0.05% v/v Tween 20, 0.02% w/v NaN3 and 5
mM MgCl2 was mixed with 50 µL of Dox solution in the same PBS buffer at room
temperature for 0.5 h. After the DP-NP suspension was centrifuged at 15,000 × g for 10
min, the supernatant was harvested and transferred to the 96-well fluorescence plate
(Perkin Elmer). The fluorescence of Dox was measured at 592 nm using the microplate
reader (F200, TECAN). The Dox sequestration was calculated using this formula: Dox
absorbed%=100%-S%, where S% is the percentage of Dox left in supernatant. The Dox
concentrations of the supernatants were normalized to the group that only Dox was added
(no nanoparticles). The fluorescence of the supernatants was also imaged using the CRI
Maestro EX System.
Culture of human umbilical vein endothelial cells (HUVECs)
HUVECs were cultured at 37 °C in a humidified incubator containing 5% CO2 in
Medium 200, in which low serum growth supplement (LSGS), gentamicin (10 µg/mL)
and amphotericin B (0.25 µg/mL) were added. After trypsinization, HUVECs were
seeded in an 8-well µ-slide chamber (ibidi) at a density of 1.5~2.0×104 cells/well and
cultured for 2 days to reach confluence prior to use. All the cells used were between
passages 3 to 5.
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Examination of Dox uptake by HUVECs
DP-NPs (0.2 mg/mL) were mixed with Dox (10 µM) in Medium 200
supplemented with 5 mM MgCl2 for 0.5 h at room temperature and centrifuged at 15,000
× g for 10 min. The supernatants were used to incubate with HUVECs cultured in a µslide chamber for 2 h at 37 °C in a humidified atmosphere. They were then stained with
Hoechst 33342 (2.5 µg/mL) and imaged using a fluorescence microscope (IX73,
Olympus). The fluorescence signals of Hoechst 33342 were recorded using the DAPI
channel (350±25 nm/460±25 nm, Ex/Em). The fluorescence signals of Dox were
recorded using a Cy3 channel (535±25 nm/610±50 nm, Ex/Em). The acquired images
were merged using the ImageJ software.
Examination of cell viability
HUVECs were seeded in 96-well plate at a density of 5000 cells/well and cultured
overnight. The procedure for cell treatment was the same as described above in the Dox
uptake experiment. After the 2 h treatment with the supernatant, the HUVECs were
rinsed twice with the culture medium and cultured for 48 h. Cell viability was assessed
using a cell proliferation kit following the manufacturer’s protocol. The value of cell
viability was normalized to that of the group in which the HUVECs were only treated
with the buffer (Medium 200, 5 mM MgCl2).
Measurement of thrombin sequestration via enzyme-linked immunosorbent
assay (ELISA)
Thrombin (322.5 ng) was incubated with nanoparticles (10 µg) in 150 μL of
binding buffer (20 mM Tris-acetate, 100 mM NaCl, 5 mM KCl, 0.1% v/v Tween 20, 0.02%
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w/v NaN3, and 0.1% BSA) for 0.5 h at 37 °C. The nanoparticles were centrifuged at
10,000 × g for 0.5 h to collect the supernatant. The thrombin concentration in the
supernatant was measured using human thrombin ELISA kit according to the instructions
provided by the supplier.
Coagulation time analysis
The biological effect of the thrombin solution was examined by using the
coagulation time assay. The coagulation time was measured according to the protocol
provided by the supplier. In brief, the coagulometer (QuikCoag 1004, BioMedica, Nova
Scotia, Canada) and the reagents were warmed up to 37 oC before the measurement. The
thrombin solution (4 unit/mL) was incubated with 10 μg nanoparticles in 100 μL of
binding buffer for 0.5 h at 37 oC to prepare the coagulation-triggering solution. Plasma of
50 μL was mixed with the equal volume of the binding buffer in a cuvette. The cuvette
was placed into the measuring channel of the coagulometer and incubated at 37 oC for 60
s. The coagulation-triggering solution of 100 μL was added into the cuvette and the
coagulation time was recorded by the coagulometer.

Statistical analysis

Data are presented as mean ± standard deviation (SD). A two-tail Student’s t-test is
used to analyze two set of data and when the p-value is 0.05 or less, it is considered as
significantly different.
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3.4 Results and Discussion

Examination of the ability of affinity DPs in Dox sequestration

Since the objective of this study was to demonstrate that affinity DPs on
nanoparticles can sequester molecules of interest, we first used Dox as a small model
drug and 5’TCG and 5’AGC as affinity binding sites of Dox to examine whether DPs
could sequester drugs from solution (Fig. 3.1A). The 5’TCG and 5’AGC sequences were
used as the binding sites for rational design of the DMs and DPs since they were
previously shown to strongly interact with Dox[85,86]. When Dox is intercalated into
DNA stems, its fluorescence can be effectively quenched[87]. The measurement of Dox
fluorescence of the solution can indicate the amount of free Dox that is not absorbed by
DPs.
The relationship of Dox sequestration and the molar ratio of DP/Dox was
examined at a fixed Dox concentration. Fig. 3.1B shows that the fluorescence intensity of
the solution decreases with the increase of the molar ratio. When the molar ratio of
DP/Dox was 1:50, the fluorescence intensity of the solution virtually decreased to zero. It
indicates that most Dox molecules were sequestered by DPs. This result demonstrates
that each DP sequestered ~50 Dox molecules on average. Given that the molar ratio of
DI/DMs was 1:10 and each monomer has 8 affinity sites (i.e., theoretically one DP has 80
affinity sites), the experimental result was in good agreement with the theoretical
calculation. After demonstrating the capability of DPs in sequestering drugs, I examined
how fast affinity DPs sequestered Dox. Immediately after Dox was mixed with affinity
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DPs, the fluorescence changes of the mixture was measured over time. As shown in Fig.
3.1C, the fluorescence intensity of Dox decreased from 492 to 7 within 1 min. It clearly
demonstrates the fast sequestration of Dox by DPs.
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Figure 3.1. Examination of the ability of affinity DPs in Dox sequestration. A) Schematic
illustration of the Dox sequestration. The affinity sites of DP are highlighted in dotted
green brackets. B) Relationship between Dox sequestration and the amount of affinity
DPs. The affinity DPs and Dox were incubated for 0.5 h at room temperature before the
measurement of the fluorescence. The numbers represent the molar ratios of DP/Dox.
Inserted graph shows the fluorescence intensities at 591 nm with different ratios of
DP/Dox. C) Kinetics of Dox sequestration by DPs. The molar ratio of DP/Dox was 1:50.
Inserted graph presents zoomed-in profiles from 1 min to 30 min.
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Examination of the ability of DP-NPs in Dox sequestration
As we have already demonstrated the ability of affinity DPs in Dox sequestration,
the DP-NPs should also have the ability to sequester Dox due to the presence of affinity
DPs on the nanoparticle surface (Fig. 3.2A). Therefore we first examined the kinetics of
Dox sequestration by DP-NPs. We found that consistent with the result of Dox
sequestration by DPs, Dox sequestration by DP-NPs was rapidly accomplished within a
few minutes (Fig. 3.2B).
Next, we quantified the capability of DP-NPs in sequestering Dox. Three controls
were used in comparison, including the Dox solution without NP treatment, the Dox
solution treated with unmodified nanoparticles, the Dox solution treated with
nanoparticles displaying only DM1. The comparison between these controls and DP-NPs
is shown in Figs. 3.2C&D. The quantification of the Dox amount in the supernatants
shows that DP-NPs were able to sequester more than 93% of Dox, whereas the control
nanoparticles sequestered less than 5% of Dox. These results show that DP-NPs were
able to sequester Dox both quickly and effectively.
We further examined the stability of DPs and DP-NPs and the capability of DPNPs in sequestering Dox in FBS. The results show that DPs and DP-NPs could maintain
stability in serum at least up to three hours and could rapidly sequester Dox from serum
within several minutes (Fig. 3.3). For drug detoxification, the first few hours are the
most life-threatening time window for a patient. Thus, our results indicate that DP-NPs
have potential for drug detoxification. For other applications that need long-term stability
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of DP-NPs, it would be necessary to chemically modify DNA monomers internally or at
their ends to acquire high nuclease resistance[55,88,89].
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Figure 3.2. Examination of its ability in Dox sequestration. A) Schematic illustration of
Dox sequestration by DP-NPs in solution. Dox in solution is captured by affinity
segments of DPs on the nanoparticle surface. B) Kinetics of Dox sequestration by DPNPs. C) Fluorescence images of the supernatants of the Dox solution after different
treatments. The Dox solutions without NP treatment (No NP), treated with unmodified
nanoparticles, and nanoparticles displaying only DM1 (DM1-NP) were used as controls.
The supernatants were collected via centrifugation and imaged using a CRI Maestro
system. D) Quantification of Dox sequestration by DP-NPs in comparison to the control
nanoparticles (** p<0.005, n=3). The Dox concentration was 10 µM. The amount of Dox
sequestration was calculated by subtracting the amount of Dox in supernatant from that in
the initial solution.
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Figure 3.3. Examination of the stability of DPs and DP-NPs in serum. A) Gel image of
DPs incubated with FBS with a final serum concentration of 70% at 37 °C for different
periods of time. DM1 was labeled with Cy5 for imaging. B) Fluorescence images of DPNP suspensions incubated with FBS. DM1 was labeled with Cy5 for imaging. C) The
kinetics of DP-NP in sequestering Dox in FBS. DP-NP was mixed with Dox (10 µM) in
FBS at 37 °C. At different time points, the solution was transferred to 96-well plate for
measuring the fluorescence of Dox. The fluorescence was normalized to that of the group
with only Dox in the serum. D) Representative fluorescence images sampled from C) at
the 1 h time point. The bright red dots in the images came from the reflection of light
during the imaging process.
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Examination of the ability of different nanoparticles in mitigating the
biological effect of Dox
After demonstrating the capability of DP-NPs in Dox sequestration, we examined
their ability in mitigating the biological effect of two Dox solutions (10 and 20 µM) on
cells. DP-NPs were able to sequester ~93% and 86% of Dox from these two Dox
solutions, respectively (Fig. 3.4A). The biological effects of these two solutions were
investigated by two assays: Dox uptake and cell viability. Dox uptake in the HUVECs
was qualitatively examined by using a fluorescence microscope. The HUVECs in the
DM1-NP group and the control group without the nanoparticle treatment (No NP)
exhibited strong Dox signals (Fig. 3.4B). In contrast, the cells in the DP-NP group
exhibited a much weaker Dox signal. Since the fluorescence intensity indicates the
amount of Dox uptake, the results indicate that DP-NPs were able to reduce the uptake of
Dox owing to DP-NP-mediated Dox sequestration. In addition to cell imaging, cell
viability was studied to directly demonstrate the capability of DP-NPs in mitigating the
biological effect of the Dox solutions (Fig. 3.4C). The cell viability was approximately
100% and 83% in the DP-NP group at the Dox concentrations of 10 and 20 µM,
respectively. In contrast, the cell viability in the No NP and DM1-NP groups was both
decreased to approximately 60% and 40%, respectively. Taken together, the results
suggest that it is promising to use DP-NPs to sequester a drug rapidly and mitigate its
toxicity effectively.
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Figure 3.4. Examination of the ability of different nanoparticles in mitigating the
biological effect of Dox. A) Quantification of Dox sequestration by DP-NPs at different
concentrations of Dox. B) Microscopic images that show Dox uptake by HUVECs. The
merged images were formed by overlapping images in blue and red channels. The red
color indicates the fluorescence of Dox in the cells. C) The viability of HUVECs
examined at 48 h after the different treatments. The viability of the cells treated with the
buffer was defined as 100% and used for normalization (** p<0.005, n=3).
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Evaluation of PA-NPs in sequestering thrombin and mitigating its biological
effect
Because of the presence of the PAs on nanoparticles, the PA-NPs were expected to
have the capability of sequestering thrombin (Fig. 3.5A). The results show that PA-NPs
sequestered 70% of thrombin from the solution (Fig. 3.5B). In contrast, NPs and MANPs sequestered 3% and 17%, respectively. These results demonstrate that the PA-NPs
possessed the capability of sequestering the majority of thrombin from the solution.
Meanwhile, it is needed to note that the molar ratio of aptamers to thrombin was
approximately 8:1. The anti-thrombin aptamer is the most commonly used model aptamer
and has a dissociation constant (Kd) of ~102.6 nM[90]. In the situation of equilibrium,
virtually all thrombin molecules would be sequestered by the PA-NPs based on this Kd
value. The difference between the experimental result and the theoretical analysis may be
due to the molecular dissociation during the high speed centrifugation that generates high
shear stress during the precipitation of nanomaterials, because previous studies have
indicated that high shear stress can induce biomolecular dissociation[91,92]. Such a
problem may be solved by using high-affinity aptamers. Most aptamers identified against
protein targets have Kd values smaller than 10 nM. For instance, the anti-fibroblast
growth factor 2 aptamer has a Kd of 0.35 nM[93]. Future work needs to be pursued to
examine the effects of binding affinities on molecular sequestration or to design hybrid
aptamers for simulatenous binding of two different regions of the same target. We further
performed a coagulation time assay to test the function of PA-NPs. If more thrombin
molecules are sequestered from solution, fewer free thrombin molecules will be present
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in the solution to catalyze coaguation. As a result, the coagulation time will be prolonged.
Thus, this assay can be used to examine whether PA-NPs can effectively and stably
sequester thrombin. The thrombin solution without nanoparticles, the mixture of
thrombin and nanoparticles, and the mixture of thrombin and MA-NPs were used as
controls. As shown in Fig. 3.5C, PA-NPs prolonged the coagulation time from 24 to 103
s whereas the use of the control nanoparticles provided the coagulation time less than 35
s. Thus, the results show that the PA-NPs can sequester target biologics and mitigate their
biological effects.
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Figure 3.5. Evaluation of PA-NPs in sequestering thrombin and mitigating its biological
effect. A) Schematic illustration of thrombin sequestration by PA-NP. The image of
thrombin was adopted from RCSB Protein Data Bank. B) Measurement of thrombin
sequestration from the thrombin solution (* p<0.05, n=3). C) Measurement of
coagulation time (n=3).
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Comparison of the capabilities of thrombin sequestration between LPA-NPs
and BPA-NPs
As the goal of initiating second DNA polymerization is to increase the available
sites for hybridizing with aptamers, the comparison of the capabilities of thrombin
sequestration between LPA-NPs and BPA-NPs was conducted (Fig. 3.6A). It was found
that BPA-NPs could sequester ~44.3% of thrombin in the solution while in contrast LPANPs could only sequester ~10.7%, the capability of sequestration increased
approximately 4 times owing to the increase of aptamer density around nanoparticle
surface (Fig. 3.6B). Moreover, I centrifuged the nanoparticles after thrombin
sequestration and found that the nanoparticle pellets had different appearance. LPA-NPs
were more tightly packed together as agglomerated pellet while BPA-NPs were more
loosely packed. After re-suspending the two types of nanoparticles, it was found that
LPA-NPs became large agglomerations and could not be dispersed anymore while BPANPs could still be easily dispersed into homogeneous solution (Fig. 3.6C). This
phenomenon can be attributed to the DNA density difference between the two
nanoparticles. As BPA-NPs had more DNA molecules around the nanoparticles surface
due to the presence of extra DNA branches than that of LPA-NPs, the surface of the
former should be more negatively charged and each nanoparticle has more repellent
forces, thus the nanoparticles are more easily to be dispersed. This attribute of BPA-NPs
is very important as stability of nanomaterial is key property that can determine the real
clinical applications.
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Figure 3.6. Comparison of thrombin sequestration between LPA-NPs and BPA-NPs. A)
Schematic illustration of thrombin sequestration of LPA-NPs and BPA-NPs. B)
Measurement of thrombin sequestration from the thrombin solution (* p<0.01, n=2). C)
Photo of nanoparticle suspensions after thrombin sequestration. Red circle highlights the
suspension.
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3.5

Conclusions
A nanomaterial with the functionality of sequestering target molecules from

surroundings has been successfully synthesized with affinity DNA polymers and
nanoparticles. This nanomaterial can effectively sequester both small molecule drugs and
large molecule biologics. As a result, the biological effects of the sequestered drugs can
be significantly mitigated. Thus, this nanomaterial holds potential as a universal
nanoscale antidote for drug removal and detoxification.
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CHAPTER 4. DISASSEMBLY OF DNA POLYMERS ON
NANOPARTICLE SURFACE FOR DYNAMIC
REGULATION OF TARGET SEQUESTRATION
4.1

Abstract

Endogenous signaling molecules have bidirectional biological effects on human
body depending on their concentrations. To perform a beneficial signaling process, the
concentration of signaling molecule has to maintain within a certain range, which means
that the concentration can neither be too high nor too low[1,2]. However, current
development of antidotes only focuses on the diminishment or elimination of molecules
when their concentrations are above a toxic threshold[4,5]. The over-diminishment of
these important signaling molecules can also lead to serious toxic problems. Therefore, it
is desirable to design a platform with a dynamic regulation function: it cannot only
sequester target when its concentration is too high but also release the sequestered target
when its concentration is too low. To achieve the dynamic regulation of target
sequestration, I designed a toehold on each DM along the DPs so that reversing sequence
which is complementary to the DM with toehold can depolymerize the DP and result in
the liberation of sequestered target from the nanoparticles. In this chapter, the success of
depolymerization of linear and branched DPs were studied by gel electrophoresis, AFM
and flow cytometry. The regulation of the target sequestration by nanoparticles was
demonstrated by ELISA and thrombin time assay.
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4.2

Introduction

Signaling molecules (e.g., growth factors, cytokines) can produce toxic effects to
the human body when their concentrations are too high[1,2], though they are of critical
importance for the maintenance of various signaling pathways in the body. On the other
hand, it can also cause serious health or even life-threatening problems when their
concentrations are too low. For instance, thrombin plays a pivotal role as endogenous
enzyme in maintaining the hemostasis in the body[94]. However, the abnormality of
thrombin concentration in the body can lead to either brain bleeding when the
concentration is too low or vascular occlusion when the concentration is too high.
Therefore, it is very critical to have the signaling molecules in the body maintained
within a certain range. Currently, little attention has been paid on the sequestration of
large molecule biologics. Moreover, to the best of our knowledge, no nanoparticle-based
platform developed so far has the capability of dynamically regulating target
sequestration.
To achieve the dynamic regulation of target sequestration, toeholds were added to
each repeating unit along the DPs and the strand displacement reaction was employed to
depolymerize the DPs. In this way, the liberation of target sequestered from nanoparticles
is achieved.
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4.3

Materials and Methods

Materials
All the materials and chemicals used in this chapter were purchased from the same
suppliers as those in previous chapters.
Table 4-1. Oligonucleotides
Name

Sequence (5’ to 3’)

DI

CCTCATCCCACTCCTACCTAAACCAAAAA

DML1

GGTTTAGGTAGGAGTGGGATGAGGCCAAATCCTCATCCCACTCCTACC

DML1-TL

GGTTTAGGTAGGAGTGGGATGAGGCCAAATCCTCATCCCACTCCTACC
ACTCACTCCC

DML2

CCTCATCCCACTCCTACCTAAACCGGTAGGAGTGGGATGAGGATTTGG

DML2-DIB

CCACTCACTCACCTCACCTTCAACCTTCACCTCATCCCACTCCTACCTAA
ACCGGTAGGAGTGGGATGAGGATTTGG

DMB1

GTTGAAGGTGAGGTGAGTGAGTGGCCACTTCCACTCACTCACCTCACC

DMB1-TB1

GTTGAAGGTGAGGTGAGTGAGTGG CCACTTCCACTCACTCACCTCACC
CTAAATCCAC

DMB2

CCACTCACTCACCTCACCTTCAACGGTGAGGTGAGTGAGTGGAAGTGG

DMB2-TB2

TTTCCCTTATATTCTCTCTCTCTCCCCACTCACTCACCTCACCTTCAACGG
TGAGGTGAGTGAGTGGAAGTGG

RL

GGGAGTGAGTGGTAGGAGTGGGATGAGGATTTGG

RB

GTGGATTTAGGGTGAGGTGAGTGAGTGGAAGTGG

TA

GAGAGAGAATATAAGGGAAAAAAAAGGTTGGTGTGGTTGG
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Table 4.2. Oligonucleotides for the synthesis of LPA-NPs
Name

Sequence (5’ to 3’)

DI

/biotin/-AAAAACAAAGTAGTCTAGGATTCGGCGTG

DM1

TTTCCCTTATATTCTCTCTCTCTCC
AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG

DM2

TTAACCCACGCCGAATCCTAGACTCAAAGTAGTCTAGGATTCGGCGTG

C-DM1

AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG

TA

/TAMRA/-GAGAGAGAATATAAGGGAAAAAAAAGGTTGGTGTGGTTGG

75

Synthesis of BDPs with tails
The procedures to synthesis BDPs with tails were similar to that described in the
previous chapter except that DML1-TL and DMB1-TB were used instead of DMs without
tails.
Depolymerization of LDPs and BDPs in aqueous solutions
After the synthesis of DPs and BDPs, reversing sequences were added directly into
the above solutions with a molar ratio of the reversing sequence to the sequence that it
would hybridize with at 2:1 unless specified elsewhere. The reaction was processed
typically for 1 h at room temperature unless notified elsewhere. For annealed DNA
samples, two DMs (both at 1 µM) and the corresponding reversing sequence (2 µM) were
mixed together and heated to 95 °C and then cooled to room temperature at a rate of
1 °C/min before use.
Depolymerization of LDPs and BDPs on particles
Streptavidin-coated microparticles (0.1 mg) were mixed with biotinylated DI (50
nM) in 20 µL of reaction buffer (PBS, 0.1% v/v Tween 20, 0.02% w/v NaN3) at room
temperature for 1 h on a rotator. To assemble LDPs on particles, they were incubated in
20 µL of reaction buffer containing the corresponding DMs (both at 0.5 µM) at room
temperature overnight on a rotator. To assemble BDPs on particles, a second set of DMs
(both at 1 µM) was reacted with the particle with LDPs for another 12 h. To
depolymerize the DNA polymers on the particle surface, reversing sequences were added
and the reaction took for approximately 1 h. The particles were washed via centrifugation
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(10,000 × g for 8 min, twice) after each DNA assembly or disassembly step. Particle
suspensions were dropped on a Teflon-coated glass slide and imaged using Maestro
system with blue (Ex, 488 nm) and green filter (Em, 523±20 nm). The droplets were also
examined using guava easyCyteTM flow cytometer (Millipore) with blue light (Ex, 488
nm) and green filter (Em, 525±30 nm). The results were post-analyzed using FlowJo
software.
Thrombin sequestration by BPA-NPs
Similar procedures were followed for the synthesis of BPA-NPs as that described
in previous chapter except that DML1-TL and DMB1-TB with their own toeholds were used
instead of the ones without toeholds. Thrombin (1 NIH unit, approximately 324 ng) was
incubated with nanoparticles (5 µg) in 100 μL of binding buffer (20 mM Tris-acetate, 100
mM NaCl, 5 mM KCl, 0.1% v/v Tween 20, 0.02% w/v NaN3, and 0.1% BSA) for 0.5 h at
room temperature. The nanoparticles were centrifuged at 10,000 × g for 0.5 h to collect
the supernatants. The collected supernatants containing free thrombin were frozen before
ELISA analysis. The thrombin concentration in the supernatant was measured using
human thrombin ELISA kit according to the instructions provided by the supplier. The
thrombin solution without any treatment was regarded as 100%. All samples were
prepared in duplicates.
Dynamic regulation of thrombin sequestration via the depolymerization of
BDPs on nanoparticles
Thrombin (0.5 NIH unit, approximately 162 ng) was incubated with nanoparticles
(5 µg) in 100 μL of binding buffer for 0.5 h at room temperature. After thrombin
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sequestration, reversing sequences (RL and RB) were directly added into the mixture with
the final concentrations at 1 µM and 5 µM respectively. The depolymerization reaction
processed for 1 h at room temperature. The free thrombin in supernatants were collected
via centrifugation at 10,000 × g for 0.5 h. The thrombin concentration in the supernatant
was measured using human thrombin ELISA kit. The thrombin solution without any
treatment was regarded as 100%. All samples were prepared in duplicates.

Statistical analysis

Data are presented as mean ± standard deviation (SD). A two-tail Student’s t-test is
used to analyze two set of data and when the p-value is 0.05 or less, it is considered as
significantly different.
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4.4

Results and Discussion

Depolymerization of LDPs via the strand displacement reaction

Depolymerization of LDPs triggered by reversing sequences

To dynamically regulate the sequestration of target by nanoparticles, it is proposed
to depolymerize the affinity DP scaffolds with sequestered thrombin using reversing
DNA sequences. The reversing sequence were designed to be complementary to a
specific sequence domain along the backbone of DPs and thus they could competitively
hybridize and finally displace one of DMs that is originally in a hybridization state (Fig.
4.1A). For instance, b* and t* domains of RL are complementary to two domains on
DML1-TL (i.e., b and t domains). Because of the extra hybridization domains (t and t*)
between DML1-TL and RL than that between DML1-TL and DML2, RL is
thermodynamically more favorable to hybridize with DML1-TL and finally displaces
DML2 that is originally in a hybridization state with DML1-TL (this is named as stranddisplacement reaction[95]). If the strand-displacement reaction takes place at each
repeating unit along DPs, the thrombin sequestered by nanoparticles via affinity DPs will
be converted to a free state.

To examine the hypothesis, I first studied the depolymerization of LDPs using its
corresponding reversing sequence. To facilitate the strand-displacement reaction, I
designed a 10nt toehold (i.e., t domain) on DML1-TL as it has been found that toehold
with certain length on one DNA sequence could accelerate its hybridization with another
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one[95]. From the gel electrophoresis image, it can be seen that the new DML1-TL can
still be polymerized with DML2 when in the presence of DIL (Fig. 4.1B, left image, lane
5). Another gel electrophoresis image (Fig. 4.1B, right image) shows that after adding
the reversing sequence (i.e., RL, lane 6), the molecular weight of DNA decreased
dramatically comparing with that of before (lane 4). While in contrast, adding a control
reversing sequence (lane 5) did not trigger any depolymerization, indicating that the
depolymerization reaction is sequence specific. Moreover, there was no difference in
terms of molecular weight for lane 2 (before) and lane 3 (after) adding RL to the LDPs
without toeholds, underpinning the role of toehold in mediating a strand-displacement
reaction. I further confirmed the depolymerization by preparing an annealed sample in
which DML1-TL, DML2 and RL were mixed and annealed to self-assemble into the target
structure of the depolymerized product. It was found that the annealed sample (lane 1)
and the depolymerized products (lane 6) had the same migration position in the gel,
which validates the designed reaction pathway.

AFM images show a visible evidence of DNA morphology change before and after
depolymerization (Fig. 4.1C). There are many long coiled linear strands for polymer
sample while the depolymerized products only have small dots with much shorter lengths.
The average lengths of polymers and depolymerization products are 122.8 and 16.4 nm
respectively (Fig. 4.1D). Moreover, the length distribution of LDPs-(TL)n is relatively
wide, which is in agreement with the gel electrophoresis result as wide range of DNA
bands are observed in the gel. In addition, the length of the measured depolymerized
products in AFM image is very close to a theoretically calculation (Fig. 4.2).
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Figure 4.1. Examination of the polymerization and depolymerization of LDPs-(TL)n in
aqueous solutions. A) Reaction pathways. B) Gel electrophoresis that demonstrates the
DNA polymerization and depolymerization. C) AFM images that show the DNA
polymers and depolymerized products. Insets: DNA morphologies with higher
magnification (the DNA contour length was measured by ImageJ from solid white arrow
head to open white arrow head). Scale bar: 100 nm. D) Analysis of DNA contour length
C). The dotted lines indicate that average lengths for DNA polymers and depolymerized
products. Fifty measurements were collected for each sample. Inset table: average DNA
contour length ± standard deviation was presented (n=50).
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Figure 4.2. AFM analysis of the depolymerization products from LDP-(TL)n. A) The
change of the morphologies of DNA polymers before and after depolymerization in AFM
images with 2-µm scan size. B) Length analysis of the depolymerized products.
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The length effect of reversing sequences on depolymerization
Next, I studied the length effect of reversing sequences for depolymerizing the
linear DNA polymers (Fig. 4.3). One pair of DML1-TL and DML2 has 24bp that is in
hybridization state. Including toehold, the full hybridization length of reversing sequence
with DML1-TL is 34bp, which is regarded as the longest length of the reversing sequence.
The 10nt length of t* domain on reversing sequences is fixed to hybridize with the
toehold on DML1-TL, and the b* domains are shortened from the 3’ end in 3nt decrements.
Gel electrophoresis image shows that longer reversing sequences have higher efficiency
in depolymerizing polymers. When the total length of reversing sequence was shortened
to from 34nt to 25nt, the depolymerization started to become incomplete.
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Figure 4.3. Examination of the length effect of reversing sequences on depolymerization
of LDPs-(TL)n. A) Table that lists the reversing sequences. B) Reaction pathway of
depolymerization. C) Gel electrophoresis that shows the depolymerization using
reversing sequences with different lengths.
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The reaction time and concentration effects on depolymerization
To study the time effect on depolymerization, reversing sequences were mixed
with DPs for different periods of time. It was found that the depolymerization reacted
very rapidly (Fig. 4.4). For instance, within 10 min of reaction, approximately 95% of
DPs were depolymerized. Further extending the reaction time had no effect on increasing
the depolymerization efficiency. It was also found that the efficiency of the
depolymerization reaction increased with the increase of the molar ratio between
reversing sequence to which it hybridizes with. The two parameters are also in a good
linear relationships (Fig. 4.5). When the molar ratio of reversing sequence to the
sequence that it hybridizes with was 2:1, almost all DPs were depolymerized. Therefore,
all other experiments chose the 2:1 molar ratio for depolymerization reactions.
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Figure 4.4. Examination of the kinetics of depolymerization. A) Reaction pathways. B)
Gel electrophoresis image. C) The relationship of reaction time and depolymerization
(n=2).

Figure 4.5. The ratio effect of reversing sequence to the target sequence it hybridizes
with on depolymerization. A) Reaction pathways. B) Gel electrophoresis image. C)
Linear relationship between the ratio of RL to DML1-TL and LDPs left (n=3).
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Disassembly of BDPs
In previous sections, I have already demonstrated the synthesis of BDPs and the
depolymerization of linear DNA polymers. In this section, the depolymerization of BDPs
will be studied. To depolymerize BDPs (i.e., BDP-(TL)n-(TB)m), new toeholds need to be
added to both the main stem (t1 domain) and on the branches (t2 domain) of BDP (Fig.
4.6). Two different reversing sequences (i.e., RL and RB) will trigger the stranddisplacement reactions on the main stem and branches respectively and disassemble the
large-molecule BDPs into small monomer complexes.
Before examining BDP depolymerization, I studied the depolymerization of main
stem and branches using corresponding reversing sequences individually. Gel
electrophoresis images show that each type of polymers can be synthesized and then
depolymerized into small complexes after adding their own reversing sequences, and the
resultant products had the same migration positions as that of the annealed samples (Fig.
4.7), indicating the success of depolymerization reactions.
Next, I investigated the polymerization and depolymerization of BDPs with two
types of toeholds on the main stem and branches. As we can see from the gel
electrophoresis image (Fig. 4.8A, left gel image), after adding the second set of DMBs,
the molecular weights of BDPs (lane 4) increased dramatically comparing with that of its
original LDPs (lane 2). Moreover, the DMBs were left unreacted when adding to the
LDPs without the overhung new initiators along its backbone (lane 3).
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Figure 4.6. Reaction pathways of the polymerization and depolymerization of BDP(TL)n-(TB)m.
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Figure 4.7. Depolymerization of different DNA polymers. A) Depolymerization of the
main stem polymers of BDPs. B) Depolymerization of the branches of BDPs.
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After synthesizing BDPs with two types of toeholds, singular or dual reversing
sequences were added to partially or fully perform the depolymerization (Fig. 4.8A, right
gel image). The result shows that (1) when RL was added, it only depolymerized the main
stem of the BDPs as we can see that the molecular weights of DNA decreased (lane 2)
comparing with that of the original BDPs while there are still large-molecule DPs
remained. They are the branches of BDPs as they remained intact in this reaction; (2)
When RB was added, the molecular weights of DNA also decreased (lane 3) as it
depolymerized the branches of BDPs. However, main stem of BPDs were left intact.
When comparing lane 2 and lane 3, we can also see that the depolymerized products of
lane 3 are much brighter than that of lane 2 due to the higher DNA density of branches
that was depolymerized in lane 3 and lower of the main stem that was depolymerized in
lane 2. On the other hand, for large-molecule DNA that were left after partial
depolymerizations, more branches in lane 2 than the main stem in lane 3; (3) When dual
reversing sequences (RL and RB) were added, both the main stem and the branches were
depolymerized into small DNA monomer complexes, as we can see that the molecular
weight of DNA dropped drastically. There are two main populations of the
depolymerized products, one is the products from main stem and another is from the
branches of BDPs. In contrast, there was no reaction occurred after adding two types of
reversing sequences into BDPs without toeholds, suggesting the critical role played by
toeholds in mediating the strand-displacement reactions (lanes 5 and 6).
AFM was used to study the morphological change of BDPs before and after
depolymerization. As we can see from AFM images (Figs. 4.8B and 4.9), BDPs exhibit
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coiled and branched morphologies with large dimensions (e.g., ~200 nm in one direction),
while in contrast, the depolymerized products only show “T” or “-” structures with a
dimension of ~15 nm, which are the two basic structures of the depolymerized products
(the structures shown in yellow and red box in Fig. 4.8). It was also found that the
measured lengths of the products after depolymerization are in a good agreement with the
theoretical calculation (Fig. 4.10). Taken together, these results indicate the success of
the depolymerization reaction following the pre-designed pathways.
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Figure 4.8. Examination of the depolymerization of the BDP-(TL)n-(TB)m. A) Gel
electrophoresis images that demonstrate the polymerization (left) and depolymerization
(right) of BDP-(TL)n-(TB)m. The secondary structures of final products were shown along
with gel images. For the right image, in lanes 1-4, BDP-(TL)n-(TB)s were treated with
buffer, RL, RB and (RL+RB) respectively; in lanes 5 and 6, BDPs were treated with buffer
and (RL+RB) respectively. DNA ladder was shown in the last lane on the right in 1000bp
increments. B) AFM images with scan size of 1 µm that show the BDP-(TL)n-(TB)ms
before (left) and after (right) depolymerization. Insets: DNA morphologies with higher
magnification. Scale bar: 100 nm.
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Figure 4.9. AFM images of BDP-(TL)n-(TB)m before and after adding (RL and RB) with 2
µm scan size.
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Figure 4.10. AFM analysis of the depolymerization products from BDP-(TL)n-(TB)m. The
length in AFM images was measured by NanoScope Analysis.
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Disassembly of DPs and BDPs on the particle surface
As our goal is to regulate the target sequestration by nanoparticles, I also studied
the DNA depolymerization on a substrate surface of microparticle with flow cytometer in
addition to that in aqueous solution. The microparticles were used instead of
nanoparticles because it is more feasible to monitor fluorescence change with flow
cytometer. Fluorophores were labeled to DMs so that the fluorescence “ON” and “OFF”
resulting from DNA polymerization and depolymerization can be detected. For LDP-MPs,
it was found that the fluorescence of microparticles became very dim after
depolymerization with RL, suggesting the disassembly of fluorophore-labeled DMs from
the microparticle surfaces following the reaction pathway (Fig. 4.11A). The decrease of
fluorescence intensity of microparticles is approximately 50 times. In contrast, there is
barely any fluorescence decrease of microparticles after treating with control reversing
sequence. For BDP-MPs, three types of depolymerizations at different positions were
studied: on the branches, on the main stems and on both positions of BDPs. It can be seen
that all of these treatments led to significant fluorescence decrease of microparticles. It
was also found that when both RL and RB were used, they could lead to the most
significance of fluorescence decrease of microparticles, suggesting the completeness of
depolymerization of DNA polymers on a substrate using this method.
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Figure 4.11. Fluorescence examination of the depolymerizations of linear-structured A)
and branched-structured DNA polymers B) on microparticles. The fluorescence
intensities of microparticles were measured from flow cytometry data and the inserted
fluorescent images of microparticle suspensions were recorded by Maestro Image System.
** p<0.005, n=3.
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Dynamic regulation of the thrombin sequestration on nanoparticles via
depolymerization of BDPs

After demonstrating the feasibility of depolymerizing DNA polymers by using
reversing sequences via strand-displacement reaction, I applied this strategy to the goal of
dynamically regulating thrombin sequestration on nanoparticles (Fig. 4.12A). By
depolymerizing the affinity DNA polymers with sequestered thrombin on the
nanoparticles, thrombin would be liberated from the nanoparticles. As shown in Fig.
4.12B, after treating with reversing sequences (RL and RB) to the thrombin-sequestered
nanoparticles, approximately 87% of thrombin was converted from sequestration state to
liberation state. In contrast, only ~16.3% thrombin was in liberated state for the
thrombin-sequestered nanoparticles treated with buffer. Even though the liberation of
target was not very complete, it is expected that this strategy could effectively regulate
the their biological effects because that large molecule biologics have potent bioactivities
and a trace amount of them could initiate cascade reaction pathways and lead to
significant biological effects. The incomplete liberation of sequestered thrombin from
nanoparticles might be due to some nonspecific binding of thrombin protein to the
nanoparticle surface even though it had been already passivated with BSA.

Although the feature of reversible target sequestration for this nanomaterial was
focused in this study, this strategy would be applied to stimulus-responsive drug release.
These drug carriers can regulate the drug release status in response to stimuli and thus
achieve a spatial, temporal or specific drug release patterns, which would be maximally
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optimal for a specific disease treastment[96]. Therefore, devices that are responsive to
different stimuli have been developed, and these stimuli include light[97–99], variations
of temperature[100,101] and pH[102,103], and mechanical force[104,105]. While these
devices have shown promising for the advanced drug delivery and the treatment of
diseases, they do not have the potential to achieve multiple drug releases with their
distinct release profiles. While in contrast, because the recognition of reversing sequence
to the target that it can hybridize with is a specific reaction in our method, a distinct
depolymerization is able to be achieved if there are multiple affinity DNA polymers with
different target drugs. Therefore, it would be promising that multiple drug release can be
regulated in a specific and on-demand manner with our strategy.
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Figure 4.12. Dynamic regulation of thrombin sequestration on nanoparticles via
depolymerization of affinity DNA polymers using reversing sequences. A) Schematic
illustration of the reversal of thrombin sequestration by the depolymerization of DNA
polymer triggered by reversing DNA sequences. B) Quantification of liberated thrombin
in solution after different treatments. Thrombin in the group that had no nanoparticle (No
NP) was regard as 100%. After thrombin sequestration, the mixture was treated with RL
and RB (BPA-NP+(RL+RB)) or buffer (BPA-NP) (N.S., not significant, * p<0.05, n=2).

99

4.5 Conclusions

In this chapter, the depolymerization of DNA polymers using reversing sequences
was demonstrated. The same strategy was also successfully applied to the dynamic
regulation of thrombin sequestration on nanoparticles and it shows that most of the
thrombin on nanoparticles could be converted from sequestration state to liberation state.
Though the dynamic regulation of target sequestration was focused in this study, it is
believed that this platform can also have great potentials in drug delivery where ondemand drug release is desired.
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CHAPTER 5. CONCULSIONS AND FUTURE WORK

In this dissertation, a new type of nanomaterials was developed for reversible
target sequestration via the regulation of programmed DNA hybridization. The
nanomaterials were constructed by affinity DPs on a magnetic nanoparticle surface.
Because that the affinity sites are exposed openly outside the nanoparticle surface, target
(small molecule drugs and large molecule biologics) can be sequestered efficiently and
rapidly. Through the triggering of depolymerization of DNA polymers on the
nanoparticle surface via strand-displacement reaction by using reversing DNA sequences,
sequestered target can be further liberated from the nanoparticle surface in an on-demand
manner.

While the depolymerization of DPs could lead to the liberation of sequestered
target, aptamers might be still in binding with the target due to their high binding affinity.
The complexation of target and aptamer might hinder the performance of the target’s
bioactivity. Therefore, the bioactivity of the liberated target should further be examined.
If current strategy would hinder the bioactivity of target after its liberation, another
strategy can be explored: a reversing sequence directly deactivates the aptamer after
hybridizing with it can be designed. The deactivated aptamer thus will dissociate with the
target due to the decreased affinity[106,107]. To facilitate the hybridization of reversing
sequence with aptamer, a toehold needs to be designed long enough to break the
intermolecular hybridization for the aptamer sequence but at the same time short enough
to not compromise its binding affinity. Different lengths of reversing sequences can also
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be studied and the biological activities of liberated target will be assessed by comparing
with native target without any treatment.
To further study the feasibility of our platform for real applications, we need to
perform in vivo studies. However, unmodified oligonucleotides are susceptible to the
degradation of nucleases that are ubiquitous in the body. Therefore, all oligonucleotides
used in the platform needs to be chemically modified beforehand to increase their
nuclease-resistance. There are various chemical modifications available that can
significantly improve the stability of oligonucleotide[55]. It has shown that
oligonucleotides with fully modification of 2’-O-methyl nucleotides were stable after 96
h incubation in plasma at 37 °C or after heating at 125 °C[108]. Moreover, different
chemical modification strategies will lead to different themostability of the hybridized
duplex. For instance, it has shown that locked nucleic acids (LNAs) modification
significantly increased the duplex stability[57]. Given that the stability of two DMs to
remain unreacted is strengthened by shorting the lengths of loop and toehold or extending
the length of stem, while the tendency for them to react is oppositely related to these
adjustments, it is possible that we can shorten the stem of DMs after LNAs modification
while still maintaining their stability when in absence of the initiator. This will not only
increase the stability of the DNA, but also shorten the overall lengths of the sequences
and decrease the costs for synthesizing the sequences. For the modification of aptamers,
post-modification[109,110] or modification before SELEX process[111] are both
possible. For post-modification strategy, aptamer sequence will be site-specifically
modified and their binding affinities will be tested individually by using surface plasmon
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resonance (SPR). For pre-modification, a modified sequence pool will be generated
before SELEX process. The aptamer sequences with reasonably high binding affinity and
nuclease resistance will be used as candidates for in vivo studies.
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