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“Those who cannot be cured by medicine can be cured by
surgery. Those who cannot be cured by surgery can be cured by
fire. Those who cannot be cured by fire, they are indeed

incurable’.

—Hippocrates, pointing to hyperthermia (ca. 460-370 B.C.)
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Introductions

1 Introduction

In this chapter, | would like to introduce the concept and history of hyperthermia, as
well as its cellular and molecular basis. By doing this, | wish to provide a better
understanding of using hyperthermia as a potential treatment for human cancers.
Since the aim of this work is to design a novel thermally controlled drug release
system for local chemotherapy, basic features of magnetic nanoparticles and
magnetic fluid hyperthermia are elaborated. Since | also attempted to isolate a new
class of ribozymes from a large pool of random sequences, the relevant information
about the in vitro selection technology is provided as well. In addition, a brief review
on targeted and stimuli-responsive chemotherapy and a summary of the previous
developments of thermo-responsive drug release systems are included to indicate

the starting point of this work.

1.1 Hyperthermia

The term ‘hyperthermia’ derives from the combination of two Greek words: hyper
(rise) and therme (heat), referring to the escalated temperature of body tissues to
achieve a precise therapeutic effect. In oncology, it refers to the treatment of human
cancer by administrating heat in various ways (Hildebrandt et al., 2002). It was
reported that high temperatures can damage and kill cancer cells directly, or
sensitize them to the concomitant radiotherapy or chemotherapy (Hildebrandt et al.,

2002; Van der Zee, 2002).

Hyperthermia treatment can be classified into three different types depending on
the applied temperatures. Diathermia is the first type, in which a temperature lower
than 41°C is used for the therapy. The treatment of rheumatic diseases in

physiotherapy, for example, belongs to diathermia. The second type is moderate
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hyperthermia, in which a temperature range from 41°C to 46°C is applied during the
treatment. It is the form of hyperthermia commonly used for cancer treatment,
which has various effects at both cellular and tissue levels. The third type of
hyperthermia treatment is defined as thermoablation, in which the temperature is
higher than 46°C (up to 56°C). It can cause widespread necrosis, coagulation or
carbonization depending on the applied temperature. Besides, hyperthermia can
also be clinically categorized into local, regional and whole-body hyperthermia

according to the exposed area of hyperthermia treatment.

Hyperthermia can be achieved by many different techniques, such as ultrasound,
infrared radiation, microwave heating, magnetic fluid, infusion of warmed liquids or
direct exposure of the body tissue in a hot chamber. Actually, the beneficial effects
of using heat to treat diseases had been recognized since ancient times. Nowadays
magnetic nanoparticles-based hyperthermia has become the most often used
strategy due to its numerous advantages over other methods (Chapter 1.1.1).
Moreover, many aspects of its biological effects on the cellular and molecular levels

have been unveiled as well (Chapter 1.1.2).

1.1.1 A History of Hyperthermia

The use of heat to halt or treat various diseases including malignant cells was
common in various cultures since ancient times. There is evidence shows that the
earliest practice of heat treatment was conducted by an Egyptian named Imhotep
(2655 — 2600 B.C.). In the Edwin Smith Papyrus from about 1700 B.C., which is
probably a copy of a thousand year old text, it was recorded that the ancient
Egyptians used the so-called “fire drills” (hot blades and sticks) for the treatment of
breast cancer. The earliest use of cupping was described in the Ebers Papyrus by
Egyptians, dating back to 1550 B.C. It is worth noting that various local and

systemic hyperthermia treatments were also popular in ancient China and India.
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Fever and heat therapy have been appreciated for their beneficial effects on health
in ancient Greece and Rome, where many physicians believed that knowing how to
control human body temperature will allow them to cure all diseases, including
cancer. For example, the Greek physician and philosopher Parmenides (ca.
540 -470B.C.), a man who was deeply convinced of the effectiveness of
hyperthermia, claimed: “Give me the power to produce fever and | will cure all

diseases’.

This opinion was shared by Hippocrates (ca. 460 — 370 B.C.), a Greek physician
and philosopher who is referred to as the ‘father of western medicine’. In his opinion,
heat treatment was considered as a last resort after unsuccessful trials of surgery

and when known drugs and other treatments failed.

Belief in the curative effect of fever was also illustrated in the first systematic
treatise on medicine ‘De Medicina’, which was written by a Roman author named
Celsus (ca. 25 B.C. — 45 A.D.), who recommended hot bath as a useful tool in the

treatment of various diseases.

The first scientific paper on hyperthermia was published in 1866 by a German
surgeon Carl D. W. Busch (1826 — 1881), who described regression of sarcoma in a
patient who suffered prolonged high fevers due to infectious disease. Inspired by
this fundamental discovery that elevated temperature can selectively kill cancerous
cells while sparing healthy tissue, a similar attempt was conducted by the young
American surgeon William B. Coley (1862 —1936). In 1891 he developed the
so-called Coley’s toxin, a type of bacterial pyrogen, to cause fever in patients on
purpose. Because of this achievement, he was remembered as the father of
modern use of hyperthermia against cancer. This beneficial treatment against
inoperable cancer can improve the five year survival rate up to 64%. However, it
had one basic drawback in that every patient responds to the toxin in a different

manner. Hence, this method was abandoned over time.
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Other attempts were made to achieve therapeutically beneficial hyperthermia. For
example, the Swedish doctor Frans J. E. Westermark (1853 —1941) in 1898
attempted to treat inoperable cancers of the uterine cervix by using high
temperature water (42 — 44°C) circulating in a special metal coil. In 1909, the
German physician Karl Franz Nagelschmidt (1875 — 1952) commenced practical

diathermy to heat up deep tissue by high frequency currents.

The interest in hyperthermia for cancer treatment was distracted with the discovery
of X-rays in 1895 and radium in 1898. Since then, the traditional surgical methods
as well as radiotherapy and chemotherapy became the preferred methods in
cancer treatment. After World War 1l, the interest in hyperthermia revived and
focused on its biological mechanism. It was found that a long-lasting temperature
raise to 42 — 50°C can lead to selective destruction of tumors without damaging the
surrounding healthy tissues. This discovery inspired the investigations on the
effectiveness of hyperthermia in combination with radiotherapy or chemotherapy,
which established that the combined therapy was more effective than either therapy
alone. Several years later, it was shown that long-lasting exposure (> 30 min) to
temperatures higher than 40°C resulted in cell destruction (Dewey et al., 1977).
Moreover, it was worth noting that 42.5°C seemed to be a critical point, where a
slight increase in temperature of the order of tenths of a degree caused a significant
increase in cell mortality. These results underscored the importance of accurate
control of the temperature during hyperthermia treatment, as well as precise

measurement of the real-time temperature within tumors.

A technological revolution in hyperthermia was commenced when the magnetic
nanoparticles were developed and applied in medicine. In particular, iron oxide
magnetic nanoparticles are currently in the spotlight and being actively investigated
to achieve highly efficient cancerous cell destruction under the action of alternating
magnetic fields (AMF). Because magnetic nanopatrticles-based hyperthermia has a

number of advantages compared to conventional hyperthermia, e.g., magnetic
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nanoparticles are capable of producing concentrated and homogeneous heat
precisely at the site of malignant tissues; the temperature raise can be effectively
stimulated and precisely adjusted by the external AMF. Furthermore, magnetic
hyperthermia can be further functionalized with other therapeutic agents, e.g.,
chemotherapy and gene therapy, and directed into local malignant tissues (Timko et
al., 2010). Therefore, the modern hyperthermia is almost exclusively based on

magnetic nanoparticles.

1.1.2 Cellular and Molecular Basis of Hyperthermia

Though hyperthermia had been proven to be therapeutically beneficial for cancer
treatment in a number of preclinical and clinical studies, the cellular and molecular
basis of hyperthermia remains unclear, and is still controversial. Many aspects of its

biological effects, however, had been unveiled.

One of main reason why hyperthermia is beneficial for cancer patients is that the
activation energies for protein denaturation and heat-induced cell death are in the
temperature range of hyperthermia (Kampinga, 2006). It was reported that nuclear
proteins are more sensitive to heat-induced denaturation than other intracellular
proteins (Lepock et al., 1993 and 2004). In addition, the cell nucleus is the most
favorable compartment for protein aggregation to occur (Michels et al., 1995 and
1997). More importantly, there are excellent correlations between nuclear protein

aggregations and the heat killing effect (Kampinga et al., 1989).

It was shown that there is a close connection between hyperthermia and immune
system. Hyperthermia seems to imitate fever, triggering the physiological defense
mechanisms to strengthen immune activity. It was demonstrated that the number of
natural killer (NK) cells started to increase at about 40°C (Shen et al., 1994). In

animal models, a specific accumulation of adoptively transferred NK-cells at the
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tumor site was observed and confirmed that this effect was specifically induced by a

long-lasting moderate (fever-like) hyperthermia (Burd et al., 1998).

In addition, it is well documented that additional heat treatment can sensitize cancer
cells to the concomitant radiotherapy, the so-called thermal radiosensitization. The
heat-induced aggregation of nuclear proteins was recognized to play a central role
in this process (Lepock, 2004; Kampinga, 2006). Hence, hyperthermia is
considered to boost the therapeutic effect of radiotherapy by hindering the repair of

radiation-induced, sub-lethal DNA damages (Hildebrandt et al., 2002).

The increased cell-killing potential of various cytotoxic agents at elevated
temperatures was reviewed by Hildebrandt and Wust (2007). In other investigations,
hyperthermia particularly at moderate temperatures was shown to induce various
forms of drug resistance under certain conditions (Kampinga, 1995; Li et al., 1995).
Currently available data concerning hyperthermia and drug resistance, however,
indicate that the positive effect (reversal of drug resistance) overweighs the
disadvantages (induction of drug resistance) in clinical practices (Hildebrandt et al.,
2002). Nevertheless, it is recommended to investigate the exact synergic effect of
chemotherapy and hyperthermia for each drug applied under different clinical

conditions.

1.2 Magnetic Nanoparticles and Hyperthermia

Magnetic nanoparticles, particularly superparamagnetic iron oxide nanoparticles
composed of maghemite (y-Fe»O3) or magnetite (FesO,), are currently preferred for
in vivo hyperthermia due to their low toxicity and high heating efficiency (Thiesen
and Jordan, 2008; Wahajuddin, 2012). Therefore, basic features of magnetic
nanoparticles and superparamagnetism are elaborated (Chapter 1.2.1). Magnetic

hyperthermia has been widely investigated in different animal experiments (Chapter



Introductions

1.2.2). Though many encouraging preclinical results were reported, magnetic fluid
hyperthermia (MFH) has been confirmed as one of the most prominent procedure
for heat-induced destruction of cancer cells by intratumoral instillation of
superparamagnetic ferrofluid, supported by many successful clinical trials. A new
treatment procedure commercially termed ‘NanoTherm® Therapy’ was established

thereafter by MagForce Nanotechnology AG, Germany (Chapter 1.2.3).

1.2.1 Magnetic Nanoparticles and Superparamagnetism

Magnetic nanoparticles are a class of nanoparticles that commonly consist of
magnetic elements such as iron, nickel or cobalt. Therefore, they can be readily
manipulated by external magnetic fields. Magnetic nanoparticles can be prepared
according to various methods including co-precipitation, thermal decomposition,
metal reduction, micelle synthesis and hydrothermal synthesis (Lu et al., 2007;
Laurent et al., 2008). Naked magnetic nanoparticles of small sizes, however, are
prone to agglomerate and are thus chemically unstable over an extended period of
time. Therefore, it is crucial to develop a protective shell to stabilize them. The
protection can be achieved by coating nanoparticle surfaces with organic species,
including surfactants or polymers, or coating them with an inorganic layer, such as
silica or carbon. More importantly, these protective layers can be further modified

with other functionalities for different purposes (Schértl, 2010).

Typically, superparamagnetism occurs when magnetic particles have a size of
10 — 20 nm. Superparamagnetic nanoparticles can be magnetized up to saturation
once they are exposed to an external magnetic field, and they no longer exhibit any
residual magnetic interaction upon removal of the magnetic field. These features
render superparamagnetic nanoparticles very attractive for various biomedical
applications including in vivo imaging and drug delivery (Pankhurst et al., 2003;

Wahajuddin, 2012).
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1.2.2 Magnetic Hyperthermia

The first attempt of magnetic hyperthermia commenced in 1957 when magnetic
particles of 20 — 100 nm in diameter were employed for inductive heating to destroy
the carcinoma in dog’s lymph nodes (Gilchrist et al., 1957). Inspired by this initial
study, numerous animal experiments were carried out to investigate the
performance of magnetic hyperthermia with a variety of schemes using different
types of magnetic materials, as well as different field strengths and frequencies

(Gordon et al., 1979; Rand et al., 1981; Moroz et al., 2001; Ohno et al., 2002).

Though many encouraging preclinical results were reported so far, only one of them
has been successfully established in clinical routine, which is the magnetic fluid
hyperthermia developed by intratumoral instillation of superparamagnetic

nanoparticles.

1.2.3 Magnetic Fluid Hyperthermia

Magnetic fluids are suspensions of superparamagnetic nanoparticles, which can be
efficiently heated up under the action of an external alternating magnetic field (AMF)
via vigorous rotations leading to the so-called magnetic fluid hyperthermia (MFH).
The efficiency of energy transformation from AMF to heat is characterized in terms
of specific absorption rate (SAR) that is further characterized by Brownian rotation
and Néel relaxation processes. Brownian rotation refers to the physical rotation of
the particles themselves within the fluid. It can be characterized by a relaxation time
Tg, Which depends on the viscosity of the fluid. The Néel relaxation stands for the
rotation of the atomic magnetic moments within each particle. The Néel process
can be characterized by a relaxation time 1y, which is determined by the magnetic
anisotropy energy of the superparamagnetic nanoparticles relative to the thermal

energy (Rosensweig, 2002; Pankhurst et al.,, 2003). The internal (Néel) and
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external (Brownian) sources of friction that lead to a phase lag between applied
magnetic field and the direction of the magnetic moments is responsible for heat
generation. Generally, SAR values depend on the internal properties of magnetic
nanoparticles such as structure (size, shape, composition and coating) and the
external parameters such as amplitude (H) and frequency (f) of the applied AMF.

The SAR can be determined as:
SAR = c(AT/At)

, Wwhere ¢ means the specific heat capacity of the sample and AT/At stands for the

initial slope of temperature increase versus the heating duration (Schmid, 2010).

The first comprehensive study of the in vivo effect of MFH treatment of tumors was
elaborated by Jordan et al. (1997). In this study, dextran-coated magnetite
nanoparticle fluids with an average particle core size of about 3 nm were directly
injected into the tumor tissue and exposed to the subsequent inductive heating by
an AMF. The strength and frequency of AMF, tissue conductivity and body
cross-section should be taken into account to exclude the harm to healthy tissues
(Jordan et al., 1993). The AMF with 0.05 — 1.2 MHz frequency and 0 — 15 kA/m field

strength was considered to be safe for human application (Schmid, 2010).

Moreover, a number of successful clinical trials of MFH had been conducted by
MagForce Nanotechnologies AG (Germany), demonstrating its efficacy for prostate
cancer and gliomas without discomfort or serious side effects. A new treatment

procedure commercially termed ‘NanoTherm® Therapy’ was established thereafter.

NanoTherm® Therapy is a new clinical procedure for localized treatment of solid
tumors. Its principle is to destroy tumor cells by heat generated from the oscillation
of intratumoral superparamagnetic nanoparticles by an externally applied AMF. It

consists of three components, superparamagnetic fluid, AMF and a cancer imaging
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system (Fig. 1). Since the nanoparticles are localized inside the tumor, the heat can
be generated in a concentrated and homogeneous manner. In another word, the
heat can be selectively targeted to the tumor region while sparing surrounding

healthy tissue.

- HO,
E 3 NP
3 \
— %
r Fe3Os 7/\»«;/\»:»1»
ol | (2 »
-nlom' Ho/s\/\ R) ™\ NH,
NanoTherm®

A

NanoActivator®

NanoPlan®

NanoTherm“Therapy

Figure 1: Schematic for NanoTherm® Therapy. This therapy was established by MagForce
Nanotechnologies AG (Germany). It consists of three components, NanoTherm®, NanoPlan®
and NanoActivator®. NanoTherm® is a superparamagnetic fluid containing iron oxide
nanoparticles with an average diameter of 15 nm. An aminosilane-type coating shell endows
the particles with fine dispersion in water, forming a colloidal solution that can be introduced to
patients via a syringe. After the introduction of nanoparticles into tumor tissue, hyperthermia
can be achieved by placing the patient in an AMF applicator, the NanoActivator®. The
NanoPlan® is the monitoring system. It can create a simulated heat distribution that is important
to determine the optimal magnetic field strength for a desired therapeutic effect. This figure is
adopted from Thiesen and Jordan (2008).

One particular advantage of this therapy is that the equipped CT scanner of the
NanoPlan® monitoring system can measure density and distribution of implanted
nanoparticles. A reliable computer simulation of heat distribution can be generated
by the NanoPlan® software. Hence, the whole system enables an accurate control
of the temperature to achieve a precise therapeutic effect, such as to destroy tumor
cells irreparably or to sensitize them to a concomitant chemotherapy. Another
advantage of this therapy is that it is a local and lasting thermotherapy for the

reason that the nanoparticles can remain in the tumor site as a stable depot,

10
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enabling repeated treatments after one injection.

The safety and feasibility of the NanoTherm® Therapy have been proven in a
number of clinical trials of using magnetic fluid hyperthermia to treat glioblastoma
multiforme (Maier-Hauff et al, 2007 and 2011; Thiesen and Jordan, 2008) and
recurrent prostate cancer (Johannsen et al., 2005). Up to now, this novel therapy is
available to patients at the NanoTherm® therapy Centers in Germany at the
Charité-Universitatsmedizin Berlin, as well as at the University Hospitals in Munster

and Kiel.

1.3 Targeted and Stimuli-Responsive Chemotherapy

The major drawback of the traditional chemotherapies is connected to deleterious
side effects, since an effective dose of cytotoxic drugs against cancerous cells is
usually achieved by intravenous administration and the following systemic
distribution. To overcome this impediment, the cytotoxic drugs should be specifically
delivered to and accumulated at the target site and thus spare the damage to healthy
tissues (Chapter 1.3.1). Moreover, it would be more advantageous if the drugs are
released in a stimuli-responsive manner, offering obvious merits of spatial and

temporal control (Chapter 1.3.2).

1.3.1 Targeted Chemotherapy

The use of magnetic nanoparticles to achieve targeted in vivo drug delivery has
come into the picture in the last two decades. Different strategies were applied
depending on their unique physical properties and chemically prepared
functionalities (Pankhurst et al., 2003; Dobson, 2006a; Arruebo et al., 2007; Veiseh et
al., 2010).

11
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Since magnetic nanoparticles can be easily manipulated by an external magnetic
field, it would be feasible to administrate drugs via nanoparticle-drug conjugates
leading to the concept of magnetically targeted drug delivery. The first report of this
development dates back to the beginning of 1980s. Cytotoxic drugs coupled to
magnetic microspheres were accumulated in sarcoma tumors in rat tails by an
extracorporeal magnet (Widder et al., 1981). Encouraged by this initial research,
success in magnetically targeted delivery of cytotoxic drugs and tumor remission
were reported in different animal models, including swine (Goodwin et al., 1999 and
2001), rabbits (Alexiou et al., 2000) and rats (Pulfer and Gallo, 1998; Libbe et al.,
1999). Clinical trials of magnetically targeted chemotherapy in humans demonstrated
the feasibility and safety of applying this method for cancer therapy (Lubbe et al.,
1996; Lubbe and Bergemann, 1997). In addition, this strategy is compatible for
targeted gene delivery (Dobson, 2006b).

The nanometric size of magnetic nanoparticles is a favorable property for drug
delivery. On one hand, magnetic nanoparticles of sizes (10 — 100 nm) are small
enough to avoid sequestration (100 — 200 nm) by the reticuloendothelial system
(Ilium et al., 1982), as well as big enough to avoid rapid clearance by the kidneys or
through extravasation (Vinogradov et al., 2002). Therefore, intravenous injection of
magnetic nanoparticles within the sizes of 10 — 100 nm could result in prolonged
blood circulation times, offering an effective distribution in targeted tissues (Laurent
et al., 2008). On the other hand, solid tumors are usually characterized with leaky
fenestrations of neovasculature and inefficient lymphatic drainage. This enables the
extravasation of certain sized molecules, such as macromolecular drugs and
nanoparticles, out of the vasculature leading to the selective accumulation of these
molecules in tumor tissues (Lyer et al., 2006; Veiseh et al., 2010; Fig. 2). This
phenomenon is defined as the enhanced permeability and retention (EPR) effect

(Matsumura and Maeda, 1986).

12
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Smoothmusclelayer

EPR

Figure 2. Schematic of the EPR effect. Left: normal blood vessels have regular endothelial
cells and tight endothelial gap junctions, preventing the extravasation of macromolecular drugs
(in green) through the vessel wall into normal tissues. Right: the vascular leakage will allow
macromolecular drugs diffuse into the tumor tissue (in pink) and accumulate in it due to the
irregular form of endothelial cells and the absence of a smooth-muscle layer (adopted from Lyer
et al., 2006).

To benefit from the EPR effect, the chemotherapeutic drugs coupled to magnetic
nanoparticles could be substantially accumulated in tumor tissue, while their
localization to healthy tissues is attenuated (Torchilin 2011; Maeda et al., 2013).
However, there are two disadvantages of this passive targeting strategy. The first
reason is that the EPR effect only exists in a certain number of specific metastatic
solid tumors. In addition, its effective administration depends on other factors such as

the degree of capillary disorder, the blood flow and the lymphatic drainage rate.

To overcome these disadvantages, scientists resorted to functionalized iron oxide
nanoparticles equipped with additional targeting ligands to achieve active cell
targeting (Zhang et al., 2002a; Sinha et al., 2006; Veiseh et al., 2010; Kievit and
Zhang 2011). This targeting will greatly reduce the amount of cytotoxic drugs
required for a desired therapeutic effect due the specific accumulation to the desired
disease tissues, and thus overcome the adverse side effects of the conventional
whole-body chemotherapy. Up to now, antibody (Bhattacharyyaa et al., 2010),
cell-specific aptamer (Cheng et al., 2007; Nair et al., 2010) and other small ligands
such as folate (Kukowska-Latallo et al., 2005) and chlorotoxin (Sun et al., 2008) have
been conjugated to nanoparticles and verified their competence of delivering drugs to

target cells.
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1.3.2 Stimuli-Responsive Chemotherapy

A cell targeting nanoparticle can be further functionalized into a stimuli-responsive
system that can release the loaded drugs in a controlled manner. Such system can
be triggered by externally applied stimuli such as hyperthermia (Lu et al., 2005;
Brazel, 2009), ultrasound (Liu and Huang, 2011), light (Ma et al., 2013) or
intracellular stimuli such as reducing conditions (Saito et al., 2003) and low pH in

the intracellular compartments (Kohler et al., 2005).

Generally, nanosystems in response to exogenous stimuli are more advantageous
in terms of spatiotemporal control over drug release leading to the possibility of
localized cargo release and minimized side effects (Blum et al., 2014). Among the
exogenous stimuli that have been used, the core—shell type iron oxide magnetic
nanoparticle based thermo-responsive nanosystem holds great promise because
magnetic fluid hyperthermia (MFH) alone proved to be clinically effective against
solid tumors (Thiesen and Jordan, 2008). Furthermore, it was reported that the local
hyperthermia can sensitize cancer cells to the concomitant chemotherapy
(Hildebrandt et al., 2002), supported by many encouraging clinical results (Issels et
al., 2001; Wendtner et al., 2001). Hence, it is conceivable that a thermally controlled
drug release system combining magnetic nanoparticles (hyperthermia) and
cytotoxic drugs (chemotherapy) may present a seriously improved therapeutic

effect agaisnt cancer compared to either hyperthermia or chemotherapy alone.

1.4 Nucleic Acid Technologies

Many different nucleic acid technologies including in vitro selection (Chapter 1.4.1),
catalytic DNA (Chapter 1.4.2) and mirror-image nucleic acids (Chapter 1.4.3) were
used in the pursuit of a thermo-responsive drug release system for combined

thermo-chemotherapy. A summary of the previous developments of thermally
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controlled drug release systems using nucleic acids as thermosensitive molecules

is provided as well (Chapter 1.4.4)

1.4.1 In vitro Selection of Functional Nucleic Acids

In vitro selection is a process of molecular artificial evolution using random RNA or
DNA sequences as raw material for the development of rare functional molecules
that possess desired capability of binding to a specific ligand or catalyze a certain

reaction.

The concept of molecular evolution was proposed by Joyce (1989; Fig. 3), who
indicated an iterative amplification, mutation and selection of RNA variants may
lead to the development of novel ribozymes. Based on this proposal, the pioneering
proof-of-concept experiments were commenced by the Szostak lab (Ellington and
Szostak, 1990) and the Gold lab (Tuerk and Gold, 1990), who primarily and
independently reported the identification of single-stranded RNA molecules with
selective ligand binding properties from combinatorial nucleic acid libraries through
a defined procedure termed systematic enrichment of ligands by exponential
enrichment (SELEX). These ligand-binding nucleic acids are termed ‘aptamers’,

from the Latin aptus, to fit (Ellington and Szostak, 1990).

A typical in vitro selection cycle involves 5 steps (Fig. 3): 1) construction of the
starting pool; 2) incubation of molecules under defined conditions or with ligands of
interest; 3) separation of desired species from the undesired ones with due criteria;
4) recovery and amplification of the selected individuals; 5) generation of a new

pool of single-stranded variants for the next round of selection.
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Figure 3: Schematic for directed in vitro molecular evolution. It is a process akin to
evolution over multiple generations. Arrows represent individual RNA or DNA species. Arrow
thickness corresponds to copy number (adopted from Joyce, 1989; kindly provided by Dr. Jens
P. Firste).

mutatio,,

Hundreds of DNA or RNA aptamers have been developed against a wide spectrum of
targets over the last two decades, including small molecules such as dyes,
nucleotides, amino acids, metabolites or short peptides (Bock et al., 1992; Davis and
Szostak, 2002; Geiger et al., 1996), proteins (Ayel and Escude, 2010; Blank et al.,
2001), bacteria (Bruno and Kiel, 1999; Hamula et al., 2008), viruses (Tang et al.,
2009), cells (Sefah et al., 2010) and even whole organisms (Homann and Goringer,
1999; Lorger et al., 2003). Inspired by the discovery of natural ribozymes in the early
1980s, many artificial ribozymes and deoxyribozymes have also been identified by in
vitro selection or evolution, and some of them can catalyze chemical reactions that

are non-existent in nature (reviewed by Breaker, 1997 and Silverman, 2008).

The applications of this technology covers basic research, analytical chemistry and
medical development, including identification of binding sites between proteins and
nucleic acids (He et al., 1996; Jolma et al., 2010; Liu and Stormo, 2005; Roulet et al.,
2002), high-throughput aptamer-displacement assays for screening functional small
molecules (Hafner et al., 2008), targeted drug delivery with cell-specific aptamers
(McNamara et al., 2006; Shangguan et al., 2008; Zhou and Rossi, 2011), bi-specific
aptamer-based immunotherapy (Pastor et al., 2011), RNA mimics of GFP for in vivo

imaging (Paige et al., 2011) and various kinds of aptamer- or aptazyme-based
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biosensors (McCauley et al., 2003; Song et al., 2008).

In addition, it is worth noting that this nucleic acid technology can be customized for
the development of novel enzymes prescribed by the central dogma. For example,
novel polymerases with the ability to transcribe and amplify non-natural xeno-nucleic
acids (XNAs) were identified by means of in vitro evolution (Pinheiro et al., 2012).

With the creativity of researchers, the scope of application is still ever expanding.

1.4.2 10-23 DNAzyme

Unlike ribozymes, catalytic DNAs have not been observed in nature and all existing
DNAzymes were generated by in vitro selection from a random pool of DNA
sequences. The most well-characterized DNAzyme is the 10-23 subtype capable of
efficiently cleaving RNA substrates in a sequence-specific manner. It consists of a
catalytic domain of 15 nucleotides (nt) flanked by two binding arms of 6 to 12
nucleotides in length via Watson-Crick hybridization, conferring specificity for the
targeted RNA substrates. The 10-23 DNAzyme can cleave RNA substrates at a
particular phosphodiester between an unpaired purine residue and a paired
pyrimidine residue under near-physiological conditions (Santoro and Joyce, 1997;

Fig. 4).
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Figure 4: Catalytic motif of 10-23 DNAzyme. The 10-23 DNAzyme (bottom strand) binds the
RNA substrate (top strand) through Watson—Crick pairing (adopted from Santoro and Joyce,
1997). Cleavage occurs at the site indicated by the arrow. R=AorG; Y =U or C.
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A chemical reaction involving metal-assisted deprotonation of the 2’-hydroxyl group
adjacent to the cleavage site was reported to be the most possible mechanism for
the cleavage of RNA by 10-23 DNAzymes (Santoro and Joyce, 1998; Fig. 5). The
divalent metal ions may participate in the cleavage process either as a metal
hydroxide that functions as a general base to assist in deprotonation of the
2’-hydroxyl (Fig. 5a) or as a Lewis acid that coordinates directly to the 2’-hydroxyl

and enhances its acidity (Fig. 5b).
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Figure 5: Two hypothetical chemical mechanisms for the catalysis of RNA cleavage by the
10-23 DNAzyme. (a) Mechanism involving a divalent metal hydroxide that functions as a general
base. (b) Mechanism involving a divalent metal cation that functions as a Lewis acid (adopted
from Santoro and Joyce, 1998).

Despite its small size, the ks Of the 10-23 DNAzyme can reach 0.39 min™ under
near-physiological conditions in the presence of 2mM Mg? and 150 mM
monovalent cation at 37°C and pH 7.5 (Santoro and Joyce, 1998). Moreover, the
catalytic efficiency for the 10-23 DNAzyme is reported to be more than an order of
magnitude higher than that for the hammerhead ribozyme, measured under similar

reaction conditions (Santoro and Joyce, 1998).
Furthermore, these DNAzymes have been utilized for wide applications such as

suppressions of a number of viral and endogenous target genes in cell culture

studies and in vivo involving the sequence-specific cleavage of RNA (Khachigian,
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2002). For example, a broad spectrum of genes has been targeted by 10-23
DNAzymes with high specificity, including EGR1(Mitchell et al., 2004), Tnf-a
(lversen et al., 2001), VEGFR2 (Zhang et al., 2002b), c-JUN (Khachigian et al.,
2002), PAI1 (Xiang et al., 2004), Tgf-B1 (Isaka et al., 2004), mPerl (Liu et al., 2005)
and B-Catenin (Choi et al., 2010). Thus, they represent a new class of
sequence-specific molecular tools with gene therapeutic potential based on

Watson-Crick base-pairing.

1.4.3 Mirror-Image Nucleic Acids

Mirror-image nucleic acids, containing L-ribose or 2’-deoxy-L-ribose, are the

enantiomers of natural oligonucleotides (Fig. 6).
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Figure 6: Structures of D-DNA and L-DNA.

These enantiomeric nucleic acids are proven to be substantially stable under

simulated in vivo conditions due to the absence of nucleases capable of

recognizing mirror-image nucleic acids in human serum (Klussmann et al., 1996;
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Nolte et al., 1996). In addition, RNA aptamers were shown to possess reciprocal
binding specificities of the corresponding b- and L-nucleic acids (Klussmann et al.,
1996; Nolte et al., 1996). Moreover, Seelig et al. (2000) reported the catalysis of
C —-C bond forming reactions by an enantioselective ribozyme with identical
efficiency. Hence, mirror-image nucleic acids are expected to retain identical
properties, such as melting temperature and catalytic efficiency, as the normal

D-form nucleic acids.

1.4.4 Thermally Controlled Drug Release Using Nucleic Acids

Generally, the methods used for thermally controlled drug release are either based
on bond breaking or enhanced permeability (Kumar and Mohammad, 2011).
Following this principle, researchers have used an assortment of nanomaterials for
thermally controlled drug release, such as core-shell nanocapsules (Hu et al., 2008
and 2012), porous nanopatrticles with various gatekeepers (Guo et al., 2014; Kim et
al., 2014; Yu et al.,, 2014), thermosensitive liposomes (Al-Ahmady et al., 2012;
Dicheva et al., 2014), polymeric nanocarriers (Fleige et al., 2012; Yuanpei et al.,

2009) and assorted combinations (Hardiansyah et al., 2014; Pradhan et al., 2014).

Instead of going through the grind of developing new thermosensitive
nanomaterials, a naturally occurring biological molecule, duplex DNA, can be used
as the thermosensitive element for the purpose of thermally controlled drug release.
DNA duplex as gatekeeper anchored at the opening of a porous nanoparticle was
demonstrated to be feasible for a thermally controlled release of guest molecules
(Schlossbauer et al., 2010; Chen et al., 2011; Ruiz-Hernandez et al., 2011). The
Duplex DNA remains stable and traps the guest molecules inside the channel at
25°C. Increased temperatures, however, render the DNA duplex unstable and
trigger its dissociation. The opening becomes uncapped and the trapped guest

molecules escape from the channel (Fig. 7).
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Figure 7: Two examples of a thermally controlled drug release nanosystem using duplex
DNA as gatekeeper. (A) DNA duplexes are anchored at the openings of a mesoporous silica
nanoparticle to trap the loaded drugs. The dissociation of the duplexes upon heating triggers
the release (adopted from Chen et al., 2011). (B) A DNA-nanoparticle conjugate is hybridized to
the complementary DNA strands anchored at the openings of a porous nanopatrticle to trap the
guest molecules. The dissociation of the duplexes upon heating triggers the drug release
(adopted from Ruiz-Hernandez et al., 2011).

In addition, a state-of-art concept for a thermally controlled release of drugs from
magnetic nanoparticles was reported based on the combination of RNA/DNA hybrids
and resultant cleavage of drug-carrying substrates by released hammerhead
ribozymes (Gao, 2011). In this strategy, minimal hammerhead ribozymes were
hybridized to complementary DNA strands that were covalently coupled to
nanoparticles, forming the hybrid conjugates. RNA substrate strands, labeled with a
fluorescent dye that is used as a substitute for the cytotoxic drug, were coupled to a
different nanoparticle leading to substrate conjugates. These coupled hybrids were
supposed to be stable at body temperature of 37°C. The increased temperature of
49°C, however, will render them unstable and trigger the dissociation of the annealed
ribozymes. The detached ribozymes will then attack substrate conjugates leading to

the release of coupled dye or drug. The limited dissociation events were catalytically
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amplified by repetitive cleavages of the substrate strands (Gao, 2011).

Release experiments were performed by mixing the two conjugates and incubating
them at either 37°C or 49°C, respectively. After 1 h incubation in a reaction buffer
(50 mM Tris-HCI; 10 mM MgCl,; pH7.5 at 25°C), the dye release at 49°C was
demonstrated to be much higher (4.7%) than the release at 37°C (0.4%). Under a
simulated in vivo condition of human serum, it was shown that dye release at
increased temperature of 49°C is only about 3-fold higher than release at body
temperature of 37°C. Thus, the results obtained with hammerhead ribozymes
indicate that the concept of thermally controlled drug release requires profound

improvement before moving forward to a clinical development.
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2 Task

The aim of this work is to develop a thermally controlled nanoparticle-drug delivery
system for improved clinical treatment of cancer. The approach depicts a thermally
controlled release of cytotoxic drugs from nanoparticles, which can be heated up by
an externally applied alternating magnetic field. The successful design could be
translated into combined local chemo-hyperthermia that would overcome the
severe side effects of traditional whole-body chemotherapy and enhance the killing

effect of cytotoxic drugs against cancer cells at the same time.

While a hammerhead ribozyme approach was reported previously (Gao, 2011), its
performance in a human serum, however, was not sufficient for clinical applications.
Therefore, two new approaches are developed to improve thermosensitive

controlled drug release.

In the first approach, a novel single-stranded thermo-responsive self-cleaving
ribozyme (termed ‘thermozyme’ in this work) is used as a thermolabile linker
between nanoparticle and drug. Since there is no report of a thermozyme yet, the
main task of this approach is to develop such a ribozyme through in vitro evolution.
The isolated thermozymes coupled to nanoparticles would cleave themselves upon

heat and hence could trigger drug release in a thermally controlled manner.

In the second approach, DNAzymes and RNA substrate strands are anchored to
separate nanoparticles. DNAzymes are immobilized to nanoparticles through
hybridizing to complementary inhibitor strands that are covalently linked to
nanoparticles, while substrate strands coupled with drugs are directly bound to
nanoparticles. DNAzymes are designed to dissociate from DNAzyme/inhibitor
duplexes in a thermally controlled manner, triggering the release of coupled drugs

through repetitive catalytic RNA cleavages under increased temperatures.
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3 Methods

3.1 Chemical Synthesis of Oligonucleotides

The chemical synthesis of oligonucleotides proceeds in 3’ to 5 direction, the
opposite of the biosynthesis of nucleic acids. The phosphoramidite method,
pioneered by Marvin Caruthers in the early 1980s and facilitated by the invention of
automatic solid-phase synthesizers, is now established as the method of choice to
produce oligonucleotides (Caruthers, 2013). The synthesis is carried out by a
stepwise addition of nucleotide residues to the 5'-terminus of the growing chain that
is attached onto a controlled pore glass (CPG) support. The key steps of

solid-phase phosphoramidite DNA synthesis cycle is outlined in Figure 8.
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Figure 8: Solid-phase DNA phosphoramidite synthesis cycle. CPG means controlled pore
glass, DMT stands for 4,4’-dimethoxytrityl, TCA denotes trichloroacetic acid and B refers to
base (kindly provided by Dr. Jens P. Firste).

The RNA synthesis cycle is basically identical except for the requirement of the
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additional protection of 2’-hydroxyl group by a tert-Butyldimethylsilyl group. This
spacious protection group imposes steric hindrance for the deprotected 5’-hydroxyl
from one nucleotide to attack the activated phosphate atom from the other
nucleotide. Hence, the coupling efficiency of RNA synthesis (98%) is lower than that
of DNA synthesis (99.8%). In addition it requires an extended time for the coupling

reaction to occur as compared to DNA synthesis.

The mirror-image oligonucleotides were also prepared by the phosphoramidite
synthesis cycle using L-phosphoramidites as the building blocks. The 5’-terminal
thiol group was incorporated through a thiol-modifier phosphoramidite. The
3’-terminal fluorescent reporter group was coupled to RNA via post-synthesis
conjugation. All oligonucleotides used in this work were purchased from IBA GmbH

(Gottingen, Germany).

3.2 Nucleic Acid Technology

3.2.1 Polymerase Chain Reaction (PCR)

Developed in 1983 by Kary Mullis (Bartlett and Stirling, 2003), the polymerase chain
reaction (PCR) is now a common and often indispensable biochemical method
used in medical and biological research labs. PCR is used to amplify a few copies
of DNA to generate millions of copies of a particular DNA sequence with Tag DNA
polymerases. Generally, 10 —100 ng template DNA was used per PCR reaction in
this work. PCR reactions were carried out in a volume of 100 pl (Tab. 1). An initial
denaturing step of 4 min at 95°C was used to ensure the complete denaturation of
the template DNA. The number of PCR cycles was optimized for each selection
round to ensure a specific amplification of target sequences, with a denaturing step

for 30 s at 95°C, an elongation step for 30 s at 54 — 60°C depending on different
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primer-pairs and an extension step for 30 s at 72°C. A final extension step was

performed for 2 min at 72°C.

Table 1: Conditions for PCR.

stock volume final concentration
template DNA 05-1pl 10 - 100 ng

PCR buffer, 10 x 10 pl 1x

dNTPs, 10 mM each 2 pl 0.2 mM each
forward primer, 100 uM 2 ul 2 uM

reverse primer, 100 pM 2 pl 2 UM

Taq, 5 U/ul 0.5 ul 0.025 u/ul

H,O add to100 pl

3.2.2 Mutagenic PCR

Mutagenic PCR is a variation of conventional PCR, where random mutations are
introduced into any position of amplified DNA at an increased rate on purpose. In a
mutagenic PCR, the fidelity of the Tag DNA polymerase is decreased through
altering the composition of the reaction buffer. It was reported that the addition of
Mn?* and increased concentrations of Mg®*, enzyme and the pyrimidine
deoxynucleotides can lead to a raised mutation rate of about 0.66% in 10 doublings
(done in 30 PCR cycles), with very little bias in the types of mutations generated

(Cadwell and Joyce, 1992).

In this work, the following changes were made to enhance the mutation rate: 1)
7 mM MgCl, was used to stabilize non-complementary base pairs; 2) MnCl, with
final concentration up to 0.5 mM was added to diminish the template specificity of
the Tag DNA polymerases; 3) the concentration of dCTP and TTP was increased to
1 mM each to promote misincorporation; 4) A high concentration of Tag DNA
polymerase (0.05 U/ul) was used to promote chain extension beyond mismatched

positions.
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The mutagenic PCR procedure was essentially performed as described by Bartel
and Szostak (1993). Reactions were carried out in a volume of 30 ul (Tab. 2) in a
1 x Mut-PCR buffer [10 mM Tris-HCI, pH 8.3 at 25°C; 7 mM MgCl,, 50 mM KC1 and
0.01% (w/v) gelatin] in the presence of 1 x Mut-dNTPs (0.2 mM dGTP, 0.2 mM
dATP, 1 mM dCTP, and 1 mM TTP). An initial denaturing step for 4 min of 95°C was
used to ensure the complete denaturation of the template DNA. Each PCR reaction
was carried out for 6 — 7 cycles (2 doublings) to ensure a specific amplification of
target sequence, with a denaturing step for 30 s at 95°C, an elongation step for 30 s
at 60°C and an extension step for 30s at 72°C. The mutagenic PCR was
conducted without a ‘hot start’ procedure. After each PCR reaction, 3 ul of PCR
product was brought up to 30 pl and subjected to another 6 -7 cycles of
amplification until 30, 60 and 90 doublings were reached, with respect to 2%, 4%

and 6% mutation rates.

Table 2: Conditions for a mutagenic PCR reaction.

stock volume final concentration
template DNA 3ul ~17 fmol

Mut-PCR buffer, 10 x 3l 1x

Mut-dNTPs, 10 x 3l 1x

forward primer, 10 uM 0.9 ul 0.3 uM

reverse primer, 10 pM 0.9l 0.3 uM

MnCl,, 5 mM 3l 0.5 mM

Taq, 5 U/ul 0.3 ul 0.05 U/pl

H,0 add to 30 pl

3.2.3 Cleavage of DNA with Restriction Endonucleases

Restriction endonucleases are used to perform highly specific DNA-cleavage
reactions within or near recognition sites. The recognition sites are usually 4 — 8
base pairs in length. The enzyme makes two incisions at each strand of a target

DNA duplex, resulting in blunt ends or cohesive ends of 5'- or 3’-overhangs.
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In this work, two restriction enzymes, Banl and Styl-HF, were used to process
double-stranded DNAs. The cleavage reactions were performed according to the

manufacturer’s specifications (New England Biolab, USA).

3.2.4 DNA Ligation

T4 DNA ligase covalently attaches the 5-phosphate to the 3’-hydroxyl in duplex
DNA or RNA leading to the formation of a phosphodiester bond. In this work, T4
DNA ligase was used to ligate the cohesive DNA fragments cleaved by restriction
enzymes. The reactions were performed according to the manufacturer’s

specifications (New England Biolab, USA).

3.2.5T7 In vitro Transcription

T7 in vitro transcription is an efficient technique for high yield RNA synthesis from
double-stranded DNA embedded with a T7 promoter sequence (5-TAATACGACT-
CACTATA-3’) with T7 RNA polymerases. In this work, the radioactively labeled

RNAs were prepared basically as described by Tang and Breaker (1997; Tab. 3).

Table 3: RNA synthesis by T7 in vitro transcription.

stock volume final concentration
5 x transcription buffer 4 ul 1x

NTPs, 20 mM each 0.2l 0.2 mM each

DNA template 3ul 0.1 uM
ribonuclease inhibitor, 40 U/ul 0.5l 1u/ul

T7 RNA polymerase, 20 U/ul 2ul 2u/u

[a-32P |GTP, (10 pCi/pl) 3ul 30 uCi

DEPC-H,O add to 20 pl

The reaction was incubated for 2 h at 37°C. The DNA templates were degraded by

an addition of 3 ul DNase | after incubation for another 30 min at 37°C. The
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transcribed RNAs were recovered from 8% denaturing polyacrylamide gels by a
crush-soaking procedure in 50 mM Tris-HCI (pH 7.5 at 25°C) and 1 mM EDTA. RNA
molecules in the elution were then either concentrated by microcon centrifugal filter

devices (Millipore, USA) or purified by ethanol precipitation.

3.2.6 Reverse Transcription

Reverse transcription is used for the synthesis of single-stranded complementary
DNA (cDNA) from a single-stranded RNA template in the presence of reverse
transcriptases and a short primer complementary to the 3' end of the RNA. The
resultant cDNA can be used as a template for amplification by PCR. In this work,
the reverse transcription was combined with PCR, allowing the amplification of the
enriched thermo-responsive self-cleaving ribozyme motifs. SuperScript™ Il reverse
transcriptase with reduced RNase H activity (Life Technologies), which is
thermostable up to 50°C, was chosen for this purpose. The reverse transcription

was performed basically according to the instruction of the manufacturer (Tab. 4).

Table 4: cDNA synthesis by reverse transcription.

stock volume final concentration
RNA template 40

dNTPs, 20 mM each 0.8 ul 0.2 mM each
N60-Rev primer, 100 pM 1.6 pl 2 uM

DEPC-H,0O 18.8 ul

First-Strand buffer, 5 x 16 1x

SuperScript™ 111, 200 U/l 0.8 l 2 U/l

RiboLock RNase Inhibitor, 40 U/ul 2 pl 1u/ul

The mixture of RNA templates, dNTPs and primers was heated for 5 min at 95°C
and then cooled on ice for 2 min leading to the annealing of primers onto RNA
molecules. The reverse transcription was initiated by the addition of reverse
transcriptases followed by incubating for 1 h at 50°C and 30 min at 55°C. The

reaction was inactivated by heating for 15 min at 70°C.
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3.3 Analysis of Nucleic Acids

3.3.1 Gel Electrophoresis

Gel electrophoresis was performed to the analysis and purification of nucleic acids.
A gel made from agarose or polyacrylamide acts like a molecular sieve to separate
oligonucleotides on the basis of their length under an applied current. The nucleic
acids migrate from cathode to anode due to the negatively charged phosphate

groups in their sugar-phosphate backbone.

3.3.1.1 Agarose Gel Electrophoresis

Agarose is a linear polysaccharide composed of neutrally charged, alternating
iIsomers of the sugar galactose (D- and L-galactose). Agarose electrophoresis is
widely used for separating and analyzing nucleic acids. The recommended agarose
gel percentages for resolution of linear double-strand nucleic acids are indicated

(Tab. 5).

Table 5: Separating range by agarose gels.

Agarose 0.5 0.7 1.0 15 2.0 3.0
(%, wiv)

Seperating | 1000-30000 | 800-12000 | 500-10000 | 200-3000 | 50-2000 | <50
range (bp)

In this work, agarose gels were prepared by suspending dry agarose (Roth,
Germany) in a 50 ml 1 x TAE buffer, boiling in a microwave oven until the solution
becomes clear, cooling down and then pouring it into a casting plate and allowing it
gelation for 15 min under room temperature. The DNA samples were mixed with
6 x Loading buffer (containing bromophenol blue and xylene cyanol) before loading

into the gel pockets. The gels were then run in 1 x TAE buffer for 40 min under a
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voltage of 100 V. The position of nucleic acids was visualized under UV light after
soaking the gel in 1 ug/ml ethidium bromide solution for 10 min (Sambrook et al.,

1989).

3.3.1.2 Polyacrylamide Gel Electrophoresis (PAGE)

Polyacrylamide gels afford a precise separation of nucleic acids with high resolution
due to their three-dimensional mesh structure. The formation of a polyacrylamide
gel is commenced by the addition of ammonium persulfate (APS) that generates
free radicals and N,N,N',N'-tetramethylethylene diamine (TEMED) that acts as a
catalyst into the mixture of acrylamide/bis-acrylamide, which are nonreactive by
themselves or when mixed together. Then the complicate three-dimensional mesh
structure is formed by the polymerization of the acrylamide that is crosslinked by

N,N'-methylene-bis-acrylamide.

3.3.1.2.1 Denaturing PAGE

Various concentrations of polyacrylamide gels can be prepared (Tab. 6). Denaturing
PAGE employs 6 — 8 M urea to denature secondary structures of nucleic acids
leading to the separation of oligonucleotides merely on the basis of molecular

weight.

Table 6: Preparation of the denaturing polyacrylamide gels.

Acrylamide concentration 6% |8% | 10% | 12% | 15% | 20%
Acrylamide/Bisacrylamide (40%/2%) (ml) | 3.75 | 5 6.25 | 7.5 |9.38|125
5 XTBE (ml) 5 5 5 5 5 5
Urea (g) 10.5|10.5| 105 | 10.5|10.5| 105
10% (w/v) APS (ul) 300 | 300 | 300 | 300 |300 | 300
TEMED () 30 |30 |30 30 30 30
Add H,0 to (ml) 25 25 25 25 25 25
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In this work, 8 — 20% polyacrylamide gels containing 7 M urea were prepared for
the analysis of single-stranded oligonucleotides according to the instructions of the
supplier (Carl Roth, Karlsruhe). The nucleic acid samples were mixed with an equal
volume of 2 x Loading buffer containing 7 M urea and denatured for 2 min at 95°C
before loading to the gel that was preheated for 40 min under 450 V. The loaded
gels were then run at 400 — 500 V (18 — 30 mA) in 1 x TBE buffer.

3.3.1.2.2 Native PAGE

Native PAGE was carried out under non-denaturing conditions in the absence of
urea or other denaturants. It separates nucleic acids with higher resolution and
capacity compared to agarose gels. The protocol for the preparation of native

polyacrylamide gels with different concentrations is outlined (Tab. 7).

Table 7: Protocol for native polyacrylamide gels.

Acrylamide concentration 6% |8% | 10% | 12% | 15% | 20%
acrylamide/bisacrylamide (40%/2%) (ml) | 3.75 | 5 6.25 |75 |9.38 125
5 x TBE (ml) 5 5 5 5 5 5
10% APS (w/v) (ul) 300 | 300 | 300 |300 | 300 | 300
TEMED (ul) 30 |30 |30 30 30 30
Add H,0 to (ml) 25 |25 |25 25 25 25

In this work, native PAGE was performed for the gel purification of restriction
enzymes processed dsDNA. A low electric field strength (5 V/cm) was applied to
avoid excessive heating of the gel to prevent loaded samples from denaturing.
Alternatively, a higher voltage (10 V/cm) was applied to shorten the duration of

electrophoresis in a 4°C cold room.
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3.3.2 Detection of Nucleic Acids on a Gel

3.3.2.1 Ethidium Bromide Staining

Ethidium bromide (EtBr) is the most commonly used fluorescent stain for detecting
DNA/RNA from electrophoretic gels under UV light. It can intercalate between the
base pairs of the double helixes and the resultant complex leads to a 20-fold
increased fluorescence compared to the equal amount of free EtBr in aqueous
solution under UV light. The detection limit of EtBr staining is about 10 ng per band.
In this work, the position of nucleic acids in the gels was visualized under an
ultraviolet transilluminator at 302 nm (GelDoc 2000, Bio Rad) or a Typhoon FLA
7000 multi-purpose laser scanner (GE Healthcare, Sweden) after soaking the gels

in 1 pg/ml EtBr solution for 10 min.

3.3.2.2 UV Shadowing

UV shadowing is used as a low sensitive method for detecting nucleic acids in gels,
with a detection limit of about 0.3 ug per band. This method is based on the
UV-absorbing ability of nucleic acids. It requires a shortwave UV light (254 nm)
source and a fluor-coated thin layer chromatography (TLC) plate that can be
excited by 254 nm UV light. The plastic-wrapped gels after electrophoresis are
placed on the TLC plate and exposed to the UV light. The nucleic acid bands are
visualized as dark shadows against a light background. In this work, this technology
was used to recover the desired fragments of restriction enzymes processed

dsDNA from native polyacrylamide gels.
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3.3.2.3 Phosphor Imaging

Phosphor imaging is an accurate method to detect and quantify radioactively
labeled nucleic acids in electrophoretic gels. It requires shorter exposure time in
contrast with standard autoradiography. Moreover, it provides a more accurate way
of quantification as well. In this work, plastic-wrapped gels were placed in a film
cassette and covered with a phosphorimager plate. Different durations of exposure
(30 — 60 min) were applied according to the radioactive strength presented in
samples. The phosphorimager plate was then scanned by a Phosphor-imager
Storm 840 (Molecular Dynamics, USA) or a Typhoon FLA 7000 multi-purpose laser
scanner (GE Healthcare, Sweden) followed by image analysis using the

supplemented quantification software.

3.3.3 Determination of Nucleic Acids Concentration

3.3.3.1 UV Spectrophotometry

UV spectrophotometry is the mostly used method to quantify the concentration of
nucleic acids in solution. Direct measurements of nucleic acid samples at 260 nm
can be converted to concentrations using the Beer-Lambert law that relates

absorbance to concentration using the light pathlength and an extinction coefficient.

Beer- Lambert law A = ecl

Where A = absorbance, € = molar extinction coefficient, ¢ = concentration (in the
units corresponding to €) and | = light pathlength. If a 1 cm quartz cuvette is used for
the UV spectrum, the conversion of absorbance to concentration is as follow

(Sambrook et al., 1989):
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dsDNA: 1 Aoeo =50 ng/ul
SSDNA: 1 Azeo = 33 ng/pl
RNA: 1 Azso = 40 ng/pul

The maximum UV absorption of proteins is at 280 nm due to their aromatic residues.
The ratio of the absorbance at 260 nm over the absorbance at 280 nm (Azso/A2g0) Of

a pure nucleic acids sample ranges from 1.65 to 1.85.

3.3.3.2 Fluorescent Labeling

Fluorescent labeling offers another way to determine the concentration of nucleic
acids in solution. The labels can be incorporated into nucleic acids by solid-phase
synthesis or by post-synthesis conjugation. In this work, Alexa Flour® 647 modified
with an amine-reactive N-hydroxysuccinimidyl ester (NHS ester) group was
conjugated to a 3’-terminus of amino modified RNA by post-synthesis conjugation.
Standard calibration curves between relative fluorescence unit (RFU) and
concentration of fluorescent RNA were plotted to determine the concentration of
fluorescently labeled RNA. The commercially available RNA labeled with Alexa
Flour® 647 (0.1 nmol/ul) was diluted either in reaction buffer (50 mM Tris-HClI,
pH 7.5 at 23°C; 10 mM MgClI,) or 90% human serum buffered by 1 x DPBS buffer
(155.17 mM NacCl, 2.71 mM Na;HPOg4, 1.54 mM KH,POy, final pH 7.2 at 25°C) from
0 to 3 uM. The RFU of each dilution was measured by a NanoDrop 3300
Fluorospectrometer (excitation at 650 nm, emission at 670 nm) and the standard
calibration curves were plotted. Moreover, fitting equations were generated by
linear regression. The concentration can then be converted from the RFU value of a

RNA sample by interpolation.
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3.3.4 Purification of Nucleic Acids

3.3.4.1 Purification by Silica-Based Resin

StrataClean™ resin (Agilent Technologies, USA) is a phenol-free technique for the
purification of nucleic acids. The solid phase silica-based resin has an abundant
supply of hydroxyl groups that react with proteins in a similar manner like the
hydroxyl group of phenol. A broad spectrum of proteins can be rapidly and
efficiently removed from the nucleic acid samples by a simple incubation and
centrifugation procedure. In this work, the resin was used to remove T4
polynucleotide kinases from the reaction of 5’-terminal radioactive labeling of RNA.
For a 20 pl labeling reaction, 5 ul resin slurry was added to sequestrate the
enzymes. The reaction was mixed thoroughly by vortexing for 15 s and then left to
stand for 1 min under room temperature. The solid-phase resin bound with proteins
was collected by a short centrifugation at 2,000 x g for 1 min. The supernatant was
carefully transferred into a new tube. The resin treatment was repeated twice to
ensure a sufficient removal of proteins according to the instruction of the supplier

(Agilent Technologies, USA).

3.3.4.2 Purification by Silica-Based Spin Column

Silica-based spin column is a solid phase extraction method to quickly purify nucleic
acids. This method relies on the fact that nucleic acid will bind to the solid phase of
silica in the presence of chaotropic agents, such as guanidinium thiocyanate or

guanidinium hydrochloride.

In this work, NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Germany) was

used for the purification of conventional and mutagenic PCR products, dsDNA
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cleaved by restriction enzymes (Banl and Styl) and ligation reactions with T4 DNA
ligase. The purification procedure was composed of binding, washing and elution

according to the instruction of the manufacturer (Macherey-Nagel, Germany).

3.3.4.3 Microcon Centrifugal Filter Devices

Microcon centrifugal filter devices provide another simple and efficient way for
concentrating and desalting nucleic acid solutions. Low-binding ultracel-YM
regenerated cellulose membranes are available with different molecular weight
cut-offs. Nucleic acids with length below the indicated cut-off will pass through the
filter, while the larger ones are retained on the filter. In this work, Microcon YM-3 and
YM-30 were used to purify and concentrate nucleic acid preparations according to

the specification of the manufacturer (Millipore, USA).

3.3.4.4 Phenol-Chloroform Extraction

Phenol-chloroform extractions were performed to purify nucleic acids from a
solution that contains proteins. The nucleic acid sample was extracted with an
equal volume of a mixture of phenol:chloroform:isoamylalcohol (25:24:1) saturated
with 10 mM Tris, pH 8.0 and 1 mM EDTA. An additional extraction step with

chloroform can remove the phenol.

3.3.4.5 Ethanol Precipitation

Ethanol precipitation was performed to concentrate or desalt nucleic acids from
aqueous solution. Ethanol precipitates nucleic acids in the presence of monovalent

cations such as Na®. Nucleic acid sample was first mixed with a 1/10 volume of 3 M
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sodium acetate solution (pH 5.2). Then, 2.5 x volume of ice cold 100% ethanol was
added into the sample. 10 ng of glycogen (Life Technologies, USA) was added to
maximize the yield when there were only low copies of nucleic acids presented in
the sample. The mixture was placed for 30 min at -20°C and was then centrifuged
for 30 min at 16,000 x g in a microfuge (Biofuge Fresco, Heraeus) at 4°C. The pellet
was rinsed with 1 ml 70% ethanol and centrifuged for 5 min at 16,000 x g (Biofuge
Fresco, Heraeus). After removal of the supernatant, the pellet was dried for 1 min at

37°C and dissolved in nuclease-free water.

3.4 Nucleic Acids 5°-End Labeling

The 5’-hydroxyl group of nucleic acids can be phosphorylated by T4 polynucleotide
kinase in the presence of ATP. The enzyme catalyzes the transfer and exchange of
an organic phosphate from the gamma position of ATP to the 5’-hydroxyl group of
polynucleotides. Thus, it can be used for labeling the 5’-ends of polynucleotides

with radioactive phosphate from isotope-modified ATP.

This labeling reaction was performed according to the instruction of the
manufacturer (NEB, England). In this work, the radioactive labeling of
oligonucleotides was carried out as indicated (Tab. 8). The reaction mixture was

incubated for 30 min at 37°C and inactivated by heating for 10 min at 80°C.

Table 8: 5’-end radioactive labeling of polynucleotides.

stock volume final concentration
polynucleotides, 100 uM 10 ul 50 uM

reaction buffer, 10 x 2u 1x

[y-*?P JATP, 10 pCi/pl 1l 10 uCi

T4 polynucleotide kinase, 10 U/ul 1l 0.5 U/l

H,O 6 pl
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3.5 Coupling of Oligonucleotides to Nanoparticles with Sulfo-SMCC

Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC)
is a well-established amine-to-sulfhydryl crosslinker that contains NHS-ester and
maleimide reactive groups at opposite ends of a medium-length cyclohexane
spacer arm (0.83 nm). In this work, it was used as the crosslinker for coupling
5'-thiol modified oligonucleotides to amino-modified nanoparticles (NP). The
principle of this sulfo-SMCC-based amine-to-sulfhydryl cross-linking reaction is

illustrated (Fig. 9).
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Figure 9: Coupling of oligonucleotides to nanoparticles with sulfo-SMCC. The
sulfo-SMCC coupling is a two-step pH-dependent reaction. First, the aminosilane-coated
nanoparticle is reacted with the amine reactive sulfo-NHS ester of sulfo-SMCC at pH 7.4,
resulting in the maleimide-activated nanoparticle. Second, the maleimide group is reacted with
thiol-modified oligonucleotide at pH 6.7 leading to the formation of a stable thioester linkage and
the resultant NP-oligonucleotide conjugate.

The 15 nm aminosilane-coated superparamagnetic iron oxide nanoparticles
(NanoTherm®) were synthesized by MagForce Nanotechnologies AG (Germany). It
was reported that each nanoparticle carries about 550 amino groups on its surface
confirmed by a previous nitrobenzaldehyde assay (Gao, 2011). The 5'-thiol modified
oligonucleotides were purchased from IBA GmbH (Gottingen, Germany) and are

listed in Table 9.
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Table 9: The 5°-thiol modified oligonucleotides for coupling.

oligonucleotide sequencein 5’ to 3’ type

inhibitorl SH-GGAGAGAGTCGTTGTAGCTAGCCTGG D-DNA
inhibitor2 SH-GGAGAGAGTCGTTGTAGCTAGC D-DNA
substrate SH-GGAGAGAGGUGGGUGCG-Alexa 647 D-RNA
L-inhibitor2 SH-GGAGAGAGTCGTTGTAGCTAGC L-DNA
L-substrate SH-GGAGAGAGGUGGGUGCG-Alexa 647 L-RNA

The coupling reactions were essentially performed as described by Gao (2011).
The thiol-modified oligonucleotides were efficiently reduced for 3 h under room
temperature in the presence of 3 mM freshly prepared TCEP. The reduced
fluorescent RNA substrate strands were directly reacted with the maleimide
activated nanoparticles. The reduced inhibitor strands were hybridized with
DNAzymes at different molar ratios in PBS (pH 6.7) before coupling to

nanoparticles.

Nanoparticles were reacted with 6.7 mM sulfo-SMCC in PBS (pH 7.4) for 40 min at
20°C in a thermomixer with 1200 rpm shaking. The activated nanoparticles were
collected by a magnet to remove the unreacted crosslinkers and resuspended in
PBS (pH6.7) to reach a final concentration of about 1 puM. The reduced
oligonucleotides were reacted with activated nanoparticles at a molar ratio of 20:1
between oligonucleotide and nanoparticle in PBS (pH 6.7) for 1.5 h under room
temperature. The resultant NP-oligonucleotide conjugates were collected by a
magnet to remove the uncoupled oligonucleotides. The amount of uncoupled
oligonucleotides was quantified either by a NanoDrop 3300 Fluorospectrometer or

a UV Spectrophotometer.

An additional step of treatment with reduced L-Glutathione (GSH) was initially
performed to block the unreacted maleimide groups after the coupling reactions.
The NP-oligonucleotide conjugates obtained were further incubated for 1 h with
10 mM GSH that was buffered by PBS (pH 6.7). After removal of the supernatant

and washing, the resultant NP-oligonucleotide conjugates were resuspended in
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reaction buffer (50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl;) or 90% human
serum buffered by 1 x DPBS buffer (155.17 mM NacCl, 2.71 mM Na;HPO,, 1.54 mM

KH2POy, final pH 7.2 at 25°C) to reach a final concentration of 1 pM.

3.6 Serum Stability Assay

The serum stability assay was performed to evaluate the stability of nucleic acids of
the thermally controlled drug release system under a simulated in vivo condition.
The assay was essentially performed as previously described (Klussmann et al.,
1996). Human serum H4522 was purchased from Sigma (USA). The b-DNAzyme
and L-DNAzyme were incubated at a concentration of 10 uM in a 90% human
serum buffered by 1xDPBS (155.17 mM NaCl, 2.71 mM Na,HPO,, 1.54 mM
KH2PO,, final pH 7.2 at 25°C) in an incubator at 37°C with 95% humidity and 5%
carbon dioxide. Aliquots were taken at different durations and mixed with an equal
volume of stop solution (8 M Urea, 50 mM EDTA and 2% SDS, pH 7.2 at 25°C). The
samples were further purified by phenol/chloroform extraction followed with DNA
ethanol precipitation. The purified DNA samples (60 pmol each) were separated on
a denaturing 20% polyacrylamide gel. The result was recorded by a Typhoon FLA
7000 multi-purpose laser scanner (GE Healthcare, Sweden) after staining the gel in

1 pg/ml ethidium bromide for 10 min.
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3.7 Nucleic Acids Dependent Nanoparticle-Drug Release System

3.7.1 Thermozyme-based Nanoparticle-Drug Release System

This approach is dependent on the isolation of a thermo-responsive self-cleaving
ribozyme (thermozyme) from a large pool of random RNA sequences using an

iterative in vitro selection and amplification procedure.

The RNA population was created by generating a double-stranded (ds) DNA pool
for in vitro transcription. The construction of the dsDNA pool with a large random
region was achieved by joining two smaller random pools, essentially following the
protocol described by Bartel and Szostak (1993). The library and the primers were
purchased from IBA GmbH (Géttingen) and are listed in Table 10. The mixture of
phosphoramidites used for the random positions in the oligonucleotides of N64 and
N60 were under a molar ratio of dA:dG:dC:dT=3:2.5:2.5:2 to uniform the

inhabitation of the four different phosphoramidites.

Table 10: Synthetic DNAs for the selection of thermozymes. The T7 promotor is italicized
and the schemed cleavage region is underlined. The randomized positions are bolded.

oligonucleotides sequences, 5’ -> 3’

Sub TTCTAATACGACTCACTATAGGAACATTTCTIGTTGAGGTTGA
CCAATGTAAACACTATCCGACTGGCACCGTAGACTA

Sub-For TTCTAATACGACTCACTATAGG

Sub-Rev TAGTCTACGGTGCCAGTC

N64 AACACTATCCGACTGGCACC-Ngs-CCTTGGTCATTACGAGTCG

N64-For AACACTATCCGACTGGCACC

N64-Rev CGACTCGTAATGACCAAGG

N60 CGGGACTGTCACCTTGG-Ngo-CCTGACTTGTCCACGCTC

N60-For CGGGACTGTCACCTTGG

N60-Rev GAGCGTGGACAAGTCAGG

To prepare the two smaller DNA pools, 0.23 nmol of the single-stranded N64 and
N60 were amplified in 10 ml PCR reactions both for 10 cycles. The double-stranded

fragments of Sub were also prepared by PCR. After phenol/chloroform extraction
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and ethanol precipitation, the purified dsSub was cleaved with restriction
endonuclease Banl, while dsN64 was cleaved with both, Banl and Styl, and dsN60
was digested with Styl. All three processed fragments (dsSub-Banl,
dsN64-Banl-Styl and dsN60-Styl) were then purified from 8% native polyacrylamide
gels. Finally, the full-length dsDNA pool was created by ligating these three

fragments.

The starting population of RNA variants was transcribed from 200 pmol of the
dsDNA pool as described in chapter 3.2.5. Purified RNAs (300 pmol) were
denatured for 5 min at 85°C and cooled slowly to room temperature. The renatured
RNAs were then incubated in 500 pl reaction buffer (50 mM HEPES, pH 7.3 at 37°C;
150 mM NaCl and 10 mM MgCl,) for 2.5 h at 37°C. The reaction was quenched by
the addition of an equal volume of 50 mM EDTA. The uncleaved RNA precursors
were recovered by 8% denaturing PAGE, resuspended in the reaction buffer at a
final RNA concentration of 0.6 uM and incubated for 18 h under increased
temperatures (8 h at 40°C, 8 h at 50°C and 2 h at 45°C). The reaction was stopped
by adding an equal volume of 50 mM EDTA, concentrated by spin-filter YM-30
(Millipore) and subjected to 8% denaturing PAGE. Cleaved 3’-fragments about
10 — 30 nucleotides shorter in length were recovered, amplified by RT-PCR and
digested by Banl. The enriched full-length dsDNA pool was generated by ligation of
the two digested fragments. The new RNA pool was transcribed in vitro and

submitted to the next round of selection.

3.7.2 DNAzyme-based Nanoparticle-Drug Release System

The DNAzyme-based nanoparticle-drug release system was at first investigated in
reaction buffer to evaluate its ability for release in a thermally controlled manner.
L-DNAzyme/inhibitor-NP conjugates and L-substrate-NP conjugates were prepared

as described (Chapter 3.5). The two different conjugates were then mixed in
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reaction buffer (50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,) at a molar ratio of
1:1. Two equal aliquots of the mixture were transferred into new tubes. One aliquot
was incubated for 1 h at 37°C, while the other was incubated for 1 h at 49°C.
Samples were taken and centrifuged immediately at 16,000 x g for 5 min to give
rise to clean supernatants. The RFU values of the supernatants were determined

by a NanoDrop 3300 Fluorospectrometer (Thermo Scientific).

To evaluate its efficacy under simulated in vivo conditions, the same release assay
of the L-oligonucleotides-NP conjugates was performed in human serum. The
assay was conducted in a 90% human serum (#H4522, Sigma) that was buffered
by 1 x DPBS (155.17 mM NacCl, 2.71 mM Naz;HPO,, 1.54 mM KH,POy,, final pH 7.2
at 25°C) in a water bath at 37°C or 49°C. Aliquots were taken at durations of 20 min,
40 min, 60 min, 120 min and 180 min. After centrifugation at 16,000 x g for 5 min,
RFU values of the supernatants were determined by a NanoDrop 3300

Fluorospectrometer and plotted at the indicated durations.
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4 Results

The initial strategy aimed to develop a thermal-responsive self-cleaving ribozyme
(thermozyme) as a thermolabile linker between nanoparticle and cytotoxic drug.
The thermozyme should remain inactive at body temperature, but should transform
into an active conformation at elevated temperature and cleave itself. A temperature
range of 40 — 50°C was chosen to establish a proof of concept for hyperthermia
conditions. Since there is no report of a thermal-responsive ribozyme yet, the first
task was to develop a thermozyme through in vitro selection (Chapter 4.1). Due to
unsatisfactory results of this subtask, a second project was pursued to develop a

novel DNAzyme-based strategy (Chapter 4.2).

4.1 Thermozyme-based Nanoparticle-Drug Release System

An iterative in vitro selection and amplification procedure was used to isolate a
thermozyme from a large pool of RNA random sequences. A potential candidate
should undergo efficient self-cleavage under escalated temperatures (40 — 50°C),
while it should remain inactive at body temperature (37°C). After successful
identification of a thermozyme candidate, it would be transformed into mirror-image
RNA to ensure its in vivo stability and coupled to a nanoparticle. After attaching a
cytotoxic drug to the free terminus of the candidate, the NP-thermozyme conjugates
may undergo thermally controlled self-cleavages leading to hyperthermia induced

drug release.

4.1.1 Pool Construction and Preparation

A large random region was considered to be superior to a smaller one, since
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broader regions are more likely to contain interacted sets of sequence elements
that can form a complex RNA structure (Bartel and Szostak, 1993). A large random
pool was preferred in view of that this project is aimed to isolate novel thermozymes
that would require complex structures to respond to a small temperature change.
The chemical synthesis of long oligonucleotides, however, is difficult due to the fact
that both yield and quality of synthetic DNA decline substantially with increasing
length. This problem was circumvented by joining smaller pools to generate a larger
pool, following the protocol of Bartel and Szostak (1993), who successfully
identified novel functional ribozymes from a large random pool. The scheme for

DNA pool construction is outlined in Figure 10.
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B
T7 promotor Cleavage region

Sub TTCTAATACGACTCACTATAGGAACATTTCTGTTGAGGTTGACCAATGTA

Ban |
NG64 AACACTATCCGACTGGCACC: -N64- CCTTGG TCATTACGAGTCG
N60 CGGGACTGTCA CCTTGG -N60- CCTGACTTGTCCACGCTC

Figure 10: DNA pool construction. (A) Generation of full-length dsDNA pool. Three synthetic
oligodeoxynucleotides (Sub, N64 and N60) were amplified by PCR and the double stranded
products were cleaved by restriction endonucleases as indicated. The processed fragments
were then ligated to form the full-length dsDNA pool. N64 and N60 define the 64 and 60
randomized nucleotides. (B) Sequences of the synthetic DNAs. The dashed line indicates
adjacent nucleotides.

To prepare the starting dsDNA pool, 0.23 nmol of each single-stranded
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oligodeoxynucleotide (Sub, N64 and N60) were amplified by PCR. After
phenol/chloroform extraction and ethanol precipitation, the purified dsSub was
cleaved with restriction endonuclease Banl, while dsN64 was cleaved with both,
Banl and Styl, and dsN60 was digested with Styl. All three processed fragments
(dsSub-Banl, dsN64-Banl-Styl and dsN60-Styl) were then purified from 8% native
polyacrylamide gels. Finally, the full-length dsDNA pool was created by ligating the
three fragments (Fig. 11). The fragment ligation (500 pmol each) yielded 200 pmol

full-length starting dsDNA after gel purification.
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Figure 11: Ligation for DNA pool construction. Lane 1 is a 20-bp DNA ladder. Lane 2 is the
ligation of three processed fragments (dsSub-Banl, dsN64-Banl-Styl and dsN60-Styl). The two
bands at ~70 bp and ~83 bp denote the unreacted fragments. The band region marked
‘heterodimer’ contains ligation products between dsSub-Banl and dsN64-Banl-Styl or between
dsN64-Banl-Styl and dsN60-Styl, respectively. The band marked as full-length product
represents the 218-bp full-length dsDNA pool.

The starting RNA pool was transcribed from 200 pmol of full-length dsDNA pool.
The RNA variants for the selection of thermozymes are outlined (Fig. 12). Each
RNA variant contains two random regions joined by a 6-nt defined sequence. A
schemed cleavage region providing 12 possible neighboring combinations was
designed to avoid the formation of localized stable secondary structures within the
5'-fixed region (analyzed by RNA Mfold). Two flanking domains around the N64 and

N60 random regions serve as primer-binding sites for RT-PCR amplification of
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enriched variants.
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Figure 12: RNA variants for the selection of thermozymes. The cleavage region is colored
in blue. N64 and N60 denote the 64 and the 60 randomized nucleotides.

4.1.2 In vitro Selection

The schematic procedure for thermozyme selection is outlined in Figure 13. Purified
RNA variants (300 pmol) from in vitro transcription were subjected into the first
round of selection as described in chapter 3.7.1. The undesired variants that could
self-cleave at body temperature were removed through incubation at 37°C followed
by denaturing gel recovery. The purified intact RNA precursors were then incubated
at increased temperatures of 40 — 50°C. The cleaved 3’-fragments were recovered
from denaturing gel, reverse transcribed and amplified by PCR. The enriched
full-length dsDNA pool was generated by ligation of the two digested fragments. A
new population of RNA variants was created through in vitro transcription and
submitted to the next round of selection. The stringency of selection was steadily
increased in later rounds, i.e., Mg®" concentrations and incubation times at
40 — 50°C were declined gradually, while incubation times at 37°C were increased

(Tab. 11).
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Figure 13: Selection of thermozymes from a random pool of RNA. (A) RNAs are
transcribed from the full-length double-stranded DNAs and (B) are incubated at 37°C. The
uncleaved RNA precursors are recovered by PAGE and (C) are incubated at 40°C to 50°C. (D)
The 3’ fragments of cleaved RNAs are separated from uncleaved precursors by PAGE and (E)
are amplified by RT-PCR. (F) The RT-PCR products are cleaved by Banl and ligated with
another processed fragments that include a T7 promotor and a schemed cleavage region. The
resulting double-stranded DNAs are transcribed into the subsequent population of RNAs.

Table 11: Conditions for thermozyme selection. Asterisks denote that mutagenic PCR was
performed during the round.

Incubation Duration MgCl, NacCl

Roun

37°C  40-50°C (mM) (mM)
1 2h 18 h 10 150
2 2h 6h 5 150
3 2h 3h 5 150
4 2h 3h 2 150
5 2h 3h 2 150
6 2h 3h 2 150
7* 18 h 3h 2 150
8* 16 h 3h 2 150
9* 16 h 3h 2 150
10* 16 h 3h 2 150
11* 16 h 3h 2 150
12 16 h 3h 2 150
13 16 h 3h 2 150
14 16 h 3h 2 150
15 16 h 3h 2 150
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Mutagenic PCR was reported to enhance the activity of the selected pool of
ribozymes through generating a broader spectrum of RNA variants (Bartel and
Szostak, 1993). It was found that addition of Mn®*, high concentrations of Mg?",
pyrimidine deoxynucleotides and enzyme lead to a mutation rate during PCR of
about 0.66 percent in 10 doublings (done in 30 PCR cycles) with very little bias in
the types of mutations generated (Cadwell and Joyce, 1992). Therefore, the
RT-PCR products from round 6 were subjected to mutagenic PCR for 0, 30, 60, and
90 doublings corresponding to expected mutation rates of about 0, 2, 4, and 6
percent per residue, respectively. Equal amounts of mutagenic PCR products at
four different mutation rates were pooled together, cleaved by Banl and ligated with
dsSub-Banl, which introduces a T7 promoter sequence and restores the
nucleotides that were lost upon self-cleavage. The resulting full-length dsDNAs of
round 7 were transcribed into a new pool of RNA variants. Initially, the RNA variants
from round 7 were incubated for an extended time at 37°C to remove the undesired
RNA motifs. PCR mutagenesis was included during rounds 8 to 11. The fractions of

self-cleaved RNAs from rounds 8 to 15 are outlined (Fig. 14).
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Figure 14: Fractions of RNA in different selection rounds. Asterisks denote that mutagenic
PCR was performed during the round.
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A significant self-cleavage of RNA variants at 37°C was observed at round 10. The
RNA variants from the same round, however, failed to undergo an efficient cleavage
at increased temperatures of 40-50°C. Further enrichment of the
thermo-responsive self-cleaving RNA variants was unobservable after five
additional rounds of selection, indicating that the currently applied selection

procedure was unable to yield the desired thermozyme candidates.

4.2 DNAzyme-based Nanoparticle-Drug Release System

Since the first approach depending on the successful isolation of a novel
thermo-responsive self-cleaving thermozyme remained unsuccessful (chapter 4.1),
a DNAzyme-based nanoparticle-drug release system was developed to achieve an
efficient thermally controlled drug release. This concept requires a significant
release of drugs at hyperthermic temperatures from nanopatrticles (49°C was used
for a proof of concept), while no drug should be released at the body temperature of
37°C. Therefore, this thermally controlled system may overcome the adverse side
effects of traditional whole-body chemotherapy that relies on intravenous
administration and systemic distribution. The schematic for the DNAzyme-based
nanoparticle-drug release system is presented (Fig. 15). It consists of two different
NP-oligonucleotide conjugates. In the first conjugate, a RNA-cleaving DNAzyme
(blue strand) is hybridized to an inhibitor strand that is covalently bound to the
surface of an iron oxide nanoparticle. In the second conjugate, the RNA substrate
labeled with a fluorescent dye is attached to a different nanoparticle. The
fluorescent dye will be replaced by a cytotoxic drug in the future development of the

project.
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Figure 15: DNAzyme-based nanoparticle-drug release system. The yellow nanoparticle
carries a RNA-cleaving DNAzyme by hybridizing to an inhibitor strand. The blue nanoparticle
carries a RNA substrate coupled with a fluorescent reporter group that will be replaced by a
cytotoxic drug in human applications. Upon heat, the DNAzyme will dissociate from the inhibitor
strand, associate with the substrate strand and cleave it.

Depending on the base pair interactions and the optimal molar ratio between
DNAzyme and inhibitor strand, a release of DNAzyme should be prohibited at 37°C
leading to the absence of undesired drug release. Once the magnetic nanoparticles
are heated up in an external alternating magnetic field, the raised temperature will
render the complex of the first conjugate unstable and a portion of single-stranded
DNAzymes will be released from nanoparticles. The free DNAzymes can then
attack the NP-substrate conjugates. Upon specific cleavage of the substrates by
DNAzymes, the covalently attached drugs at the end of the substrates will be
released into the surrounding tissue. The DNAzyme after cleavage will dissociate

from the cleaved fragments and attack another substrate.
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4.2.1 Choice of DNAzyme, Substrate and Inhibitors

The success of the DNAzyme-based thermally controlled drug release system
requires that hybrids of DNAzyme and inhibitor strand are stable at 37°C, while a
part of annealed DNAzymes will be released at elevated temperature of 49°C.
These released DNAzymes will yield a significant release of drugs due to repeated
RNA-cleaving events. All the oligonucleotides used in this part of the project are

listed in Table 12.

Table 12: Sequences of the DNAzyme, substrate and inhibitors. The arrow marks the
cleavage site by DNAzyme.

Oligonucleotide | Type | Length | Sequence, 5 to 3’

DNAzyme DNA | 31 nt CGCACCCAGGCTAGCTACAACGACTCTCTCC
substrate RNA | 17 nt GGAGAGAGG |UGGGUGCG

inhibitorl DNA | 26 nt GGAGAGAGTCGTTGTAGCTAGCCTGG
inhibitor2 DNA | 22 nt GGAGAGAGTCGTTGTAGCTAGC

The two inhibitor candidates (inhibitorl and inhibitor2) were screened by their ability
to deliver a thermally controlled release of DNAzyme and concomitant cleavage of
RNA substrates. DNAzyme and inhibitor strands were hybridized in reaction buffer
(50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,) at different molar ratios. Equal
amounts of 5-end radioactively labeled RNA substrates were added to these
hybrids. Each mixture was divided into two equal parts and simultaneously
incubated for 50 min at 37°C or 49°C. The reactions were quenched by addition of
2X Gel loading buffer containing 8 M Urea, analyzed by 20% denaturing PAGE and
visualized by phosphorimaging. The best results of thermally controlled cleavage of
RNA substrate was achieved by the hybrids of DNAzyme and inhibitor2 at molar
ratios between 0.9:1 and 1.01:1 (Fig. 16, lanes 3 —6). Hence, the hybrids of
DNAzyme/inhibitor2 were further investigated after coupling the oligonucleotides to
nanoparticles. The optimum of thermally controlled RNA cleavage should be
located in between these two ratios. Moreover, it is worth noting that the DNAzyme

cleaved substrates more efficiently at 49°C than at 37°C (Fig. 16, Lanes 12 and 13).
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Figure 16: Optimization of the DNAzyme cleavage reaction. Phosphorimage of a 20%
denaturing gel was used to analyze the effect of five different hybridization ratios of DNAzyme
and inhibitor2 on the cleavage of substrates. A indicates the position of the substrate precursors
of 17 nucleotides in length. B marks the position of 5’ cleaved RNA fragments of 9 nucleotides
in length. The molar ratio of DNAzyme to inhibitor2 in lanes 1 and 2 was 0.81:1, in 3 and 4 was
0.9:1,in5and 6 was 1.01:1,in 7 and 8 was 1.12:1 and in 9 and 10 was 1.18:1. Samples 1, 3, 5,
7,9, 11 and 12 were incubated at 37°C for 50 min, while samples 2, 4, 6, 8, 10 and 13 were
incubated at 49°C for 50 min. Lane 11 shows the negative control without inhibitor and
DNAzyme. Lanes 12 and 13 were positive controls without inhibitors.

4.2.2 Coupling of Oligonucleotides to Nanoparticles

After confirming the feasibility of using the hybrids of DNAzyme and inhibitor2 for
thermally controlled release of DNAzymes in solution, the system was further tested
after coupling the oligonucleotides to nanoparticles. The thiol-modified inhibitor2

and substrate are listed (Tab. 13).

Table 13: Thiol-modified substrate and inhibitor2 strand. The arrow marks the cleavage site
by DNAzyme.

Oligonucleotide | Type | Length | Sequence, 5 to 3’

substrate RNA | 17 nt HS-GGAGAGAGG |UGGGUGCG-Alexa 647

inhibitor2 DNA | 22 nt HS-GGAGAGAGTCGTTGTAGCTAGC

Sulfo-SMCC was wused as the crosslinker for coupling thiol-modified
oligonucleotides to aminosilane-coated iron oxide nanoparticles (provided by the
cooperation partner MagForce AG, Germany). First, the aminosilane-coated iron

oxide nanoparticles were reacted with the amino-reactive sulfo-NHS ester of
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sulfo-SMCC at pH 7.4, resulting in maleimide-activated nanoparticles.
Thiol-modified oligonucleotides were then coupled to the maleimide groups at
pH 6.7. In consequence, a stable covalent thioester linkage is formed. The coupling
results indicated that each nanoparticle can be coupled with an average 16

substrates.

An additional GSH treatment was performed to improve the stability of the
NP-oligonucleotide conjugates after two steps of sulfo-SMCC coupling reactions.
The unreacted hydrophobic maleimide groups on the surface of NP-oligonucleotide
conjugates were blocked by incubation with 10 mM reduced L-GSH for 1 h under
room temperature. The stability of the NP-substrate conjugates was substantially

improved by GSH-treatment (Fig. 17).
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Figure 17: Effect of GSH-treatment on fluorescent dye release from NP-substrate
conjugates. NP-substrate conjugates with or without GSH-treatment were reacted with 0.8 uM
DNAzymes at 49°C for 1 h after incubating the conjugates in a PBS buffer (137.9 mM NacCl,
8.06 mM Na,HPO,, 2.67 mM KCI, 1.47 mM KH,PO4; pH6.7) for 1 h or 16 h. After
centrifugation at 16,000 x g for 5 min, the relative fluorescence unit (RFU) values in the
supernatants were measured by a NanoDrop 3300 Fluorospectrometer and plotted.

RFU
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The stability of the conjugates was evaluated by monitoring the dye release through
co-incubation of NP-substrate conjugates with DNAzymes in a reaction buffer

(50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,) at 49°C for 1 h. The dye release
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was efficient after incubating in a PBS buffer (137.9 mM NacCl, 8.06 mM Na;HPOy,
2.67 mM KCI, 1.47 mM KH,PO4; pH 6.7) for 1 h, whether the conjugates were GSH
treated or not. The dye release from the conjugates without GSH-treatment was,
however, greatly prohibited after incubating in the PBS buffer for 16 h, while the dye
release remained almost unchanged over the time period investigated for the
GSH-treated NP-substrate conjugates. To my knowledge, this additional
GSH-treatment was firstly reported by this work. In addition, the solubility of the
conjugates was slightly improved due to the blocking of unreacted hydrophobic

maleimide groups.

Therefore, the two different NP-oligonucleotide conjugates used in this work,
NP-DNAzyme/inhibitor2 conjugates and NP-substrate conjugates, were both
treated with 10 mM GSH after the two-step sulfo-SMCC coupling reaction to ensure

their stability.

4.2.3 Release Experiments of NP-Oligonucleotide Conjugates

After preparation of the NP-oligonucleotide conjugates, release experiments were
performed to evaluate their ability to achieve thermally controlled dye release. The
schematic for the release experiment is depicted (Fig.18). First,
DNAzyme/inhibitor2 hybrids at different molar ratios were coupled to nanoparticles,
forming the NP-DNAzyme/inhibitor2 conjugates. The NP-substrate conjugates were
produced by direct coupling of thiol-modified substrate strands to nanoparticles.
Upon heating, the DNAzymes dissociated from the inhibitor2 strands and attacked

the NP-substrate conjugates leading to dye release.
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Figure 18: DNAzyme-based nanoparticle-drug release system. NP-DNAzyme/inhibitor
conjugate (yellow particle) and NP-substrate conjugate (blue particle) were mixed at 1:1 molar
ratio in reaction buffer (50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl;) and divided into two
equal parts. One part was incubated at 37°C, while the other was incubated at 49°C. Upon
heating in a thermomixer at 49°C, the hybridized DNAzymes detached from the inhibitor strands,
cleaved the substrates and triggered dye release.

Prior to release experiments, a linear range of relative fluorescence unit (RFU) vs.
concentration of the 3’-Alexa Flour® 647—-labeled substrates in reaction buffer
(50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,) was plotted (Fig. 19), which can be
used to quantify the amount of released dyes by interpolation. The values of RFU
were measured by a NanoDrop 3300 Fluorospectrometer (Thermo Scientific, USA).
The standard calibration curve indicated a strong linear correlation (R?=0.9986)
between RFU and concentration of fluorescent substrates in the range of 10 nM to

3 uM.
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Figure 19: Standard calibration curve for substrate in reaction buffer. The relative
fluorescent units (RFU) were plotted against the concentrations (nM) of Alexa Fluor® 647—
labeled RNA substrate in reaction buffer (50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,).

The result of the cleavage optimization using a mixture of radioactively labeled
substrate and DNAzyme/inhibitor2 duplex prepared under different molar ratios in
reaction buffer suggested that a certain molar ratio between 0.9 and 1 could yield a
thermally controlled cleavage of substrate. Therefore, two molar ratios (0.9:1 and
1:1) were initially investigated for their ability to deliver a thermally controlled dye
release from NP-substrate conjugates through the cleavages of dye-labeled
substrate strands by DNAzymes. The dye release, however, was insufficient
(Fig. 20), yielding a thermosensitivity (dye release at 49°C over dye release at 37°C)
of 3.4 —4.6. A higher molar ratio of 2:1 between DNAzyme and inhibitor2 strand
was then explored, revealing a thermosensitivity of 6.7 (Fig. 20), i.e., the release at

49°C is 6.7-fold higher than at body temperature.
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Figure 20: Release experiments with three different molar ratios between DNAzyme and
inhibitor. The hybrids of DNAzyme/inhibitor2 with the indicated molar ratios were coupled to
nanoparticles, forming the NP-DNAzymes/inhibitor2 conjugates. The NP-hybrid conjugates
were then mixed with equal amount of NP-substrate conjugates in reaction buffer. The mixture
was divided into two equal parts and incubated for 1 h at 37°C or 49°C. The RFU values in the
supernatants were determined by a NanoDrop 3300 Fluorospectrometer. The numbers above
the bar-sets are the defined thermosensitivity.

Consequently, the thermally controlled dye release in reaction buffer (50 mM
Tris-HCI, pH 7.5 at 23°C; 10 mM MgCl,) was further investigated using the molar
ratio of 2:1 for the preparation of NP-DNAzyme/inhibitor2 conjugates (Fig. 21). The
positive control shows about 85% release of coupled dyes after incubation of
NP-substrate conjugates with 0.5 uM free DNAzymes for 1 h at 37°C, while the
negative control including NP-substrate conjugates alone in reaction buffer for 1 h
at 37°C exhibits 0.7% release. The dye release at 49°C was demonstrated to be
significantly higher (21.8%) than at 37°C (1.1%), suggesting that this
DNAzyme-based approach is feasible for an efficient thermally controlled drug

release.
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Figure 21: Thermally controlled dye release from NP-substrate conjugates in reaction
buffer. Positive refers to the control, in which free DNAzyme (0.5 uM) was added to the
NP-substrate conjugates in reaction buffer and incubated at 37°C for 1 h. Negative refers to the
control, in which the NP-substrate conjugates were incubated merely in reaction buffer and
incubated for 1 h at 37°C. The bars marked with 37°C and 49°C denote the mixture of
NP-DNAzyme/inhibitor2 and NP-substrate conjugates that were incubated in reaction buffer for
1 h at the indicated temperatures. Error bars indicate standard deviations (n = 3).

4.2.4 Stability and Activity of Mirror-Image Nucleic Acids

After confirming the feasibility of using this DNAzyme-based two-conjugate system
(NP-DNAzyme/inhibitor2 and NP-substrate) for thermally controlled drug release,
all the p-oligonucleotides were transformed into mirror-image L-oligonucleotides.
This change was made to ensure the stability of all oligonucleotides used in the
drug release system under human cellular environments. The activity of the system
would be maintained due to the reported chiral specificities (Klussmann et al., 1996;

Nolte et al., 1996). The mirror-image oligonucleotides are listed as follow (Tab. 14).

Table 14: Mirror-image oligonucleotides. The arrow marks the cleavage site.

Oligonucleotide | Type | Sequence, 5 to 3’

DNAzyme L-DNA | CGCACCCAGGCTAGCTACAACGACTCTCTCC
substrate L-RNA | SH-GGAGAGAGG|UGGGUGCG-Alexa 647
inhibitor2 L-DNA | HS-GGAGAGAGTCGTTGTAGCTAGC
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A comparative stability assay of b- and L-form DNAzymes was performed to assess
their resistance against nuclease degradation. Human serum was used as a natural
source of nucleases. It was reported that the in vitro half-life of a typical
oligodeoxynucleotide in plasma is 30 to 60 minutes (White et al., 2000). Therefore,
the lengthy incubation of both p-form and L-form DNAzymes in human serum was
performed in an incubator with 95% humidity and 5% carbon dioxide to stabilize the
pH value of the serum. Samples were taken at indicated durations and analyzed by
20% denaturing PAGE. The result was recorded by a Typhoon FLA 7000
multi-purpose laser scanner (GE Healthcare, Sweden) after staining the gel in
1 pg/ml ethidium bromide for 15 min as illustrated (Fig. 22). The b-DNAzymes were
almost completely degraded after 24 h, while the degradation of their mirror-image

counterparts was undetectable even after 48 h.
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Figure 22: Stability of b- and L-DNAzyme in human serum. Aliquots of DNAzymes (each 60
pmol) were taken from the incubation solution at indicated durations and recorded on a 20%
denaturing polyacrylamide gel. Part A refers to the L-DNAzymes in human serum, while part B
shows the natural D-DNAzymes in human serum.

Though mirror-image nucleic acids were proven to possess chiral specificities
(Klussmann et al.,, 1996; Nolte et al.,, 1996), it remains necessary to confirm
whether the L-DNAzymes are able to cleave the L-substrates with the same
catalytic activity. Since the substrate strands were functionalized with 5’-terminal
thiol groups for the covalent immobilization to nanoparticles, dimerization of

oligonucleotides posed experimental problems due to formation of disulfide bonds
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through oxidation. Thus, the thiol-modified L-substrate strands were reduced by

reaction with 3 mM TCEP for 3 h at room temperature (Fig. 23).

17 nt

Figure 23: Reduction of thiol-modified L-substrates with TCEP. Lane 1 was the L-substrates
without TCEP-treatment, showing a strong band for dimers (34 nt) and a weak band for
monomers (17 nt). Lane 2 was L-substrates after TCEP-treatment.

To investigate the chiral specificity of L-DNAzymes towards L-substrates, reduced
L-substrates were incubated with L-DNAzymes or D-DNAzymes, respectively. As
can be seen from the gel, only the combination of identical chirality displays a new
product band (Fig. 24, lanes 2 and 3), while the reciprocal combination of chiralities
remained inactive, hence announcing the strict chiral specificity between DNAzyme

and substrate.

17 nt

8 nt

Figure 24: Chiral specificity of DNAzymes towards substrates. Lane 1 was the reduced
L-substrates with length of 17 nucleotides. Lane 2 was the reduced L-substrates after incubating
with 0.5 uM L-DNAzymes for 1 h at 37°C, where a product band appeared with a size of 8
nucleotides. Lane 3 was the reduced L-substrates after incubating with 0.5 pM D-DNAzymes for
1 h at 37°C, where cleavage was unobservable.
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In addition, the stability of L-substrate-NP conjugates was further investigated to
determine whether the coupled dyes could be efficiently released after an extended
period of incubation in human serum in view of using the conjugates as depots
during anti-tumor treatment. L-substrate-NP conjugates (1 uM) were kept in human
serum for 3 days at 37°C in an incubator with 95% humidity and 5% carbon dioxide.
Afterwards, the conjugates were treated with L-DNAzymes (0.1 nmol in 1 pl) in
human serum for 1 h at 37°C, while the negative control was merely the
L-substrate-NP conjugates in human serum. RFU values of the supernatants were
determined and plotted after centrifugation at 16,000 x g for 5 min (Fig. 25). The
result suggested that the L-substrate-NP conjugates can still be cleaved by
L-DNAzymes after an extended incubation in human serum leading to an efficient

release of the coupled dyes.

18000 +
16000 +
14000 -
12000 +
10000 -
8000 -
6000 -
4000 -
2000 A
0 I E— .
DNAzyme- DNAzyme+

Relative Fluorescence Unit

Figure 25: Stability of L-substrate-NP conjugates in human serum. The RFU values of the
supernatants were determined by a NanoDrop 3300. The bars marked with DNAzyme- and
DNAzyme+ refer to the absence and presence of L-DNAzymes during the incubation of
L-substrate-NP conjugates for 1 h at 37°C.

4.2.5 Release Assay in Reaction Buffer

The mirror-image system of the two NP-oligonucleotide conjugates was further

examined to determine whether it can achieve a thermally controlled dye release in
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reaction buffer like its natural chiral counterparts. The release assay of the L-form
system was performed under identical conditions as for the p-form system. The
L-DNAzyme/inhibitor-NP conjugates were prepared by employing the established
molar ratio of 2:1 between L-DNAzymes and inhibitor2 strands. Again, a standard
calibration curve for fluorescently labeled L-substrate in reaction buffer was plotted
as RFU vs. concentration (Fig.26), so that the amount of fluorescent
oligonucleotides in the supernatants can be calculated by interpolation during

release assays.
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Figure 26: Standard calibration curve for L-substrate in reaction buffer. The relative
fluorescence units (RFU) were plotted against the concentrations (nM) of Alexa Fluor® 647—
labeled L-substrates in reaction buffer (50 mM Tris-HCI, pH 7.5 at 23°C; 10 mM MgCly).

A thermally controlled dye release from L-substrate conjugates was observed as
expected from the experiments with D-oligonucleotide-NP conjugates (Fig. 27). The
positive control shows about 70% release of all coupled dyes when incubating
NP-substrate conjugates with 0.5 yM free DNAzymes for 1 h at 37°C, while the
negative control shows 0.54% dye release. The dye release at 49°C was
demonstrated to be significantly higher (21%) than at 37°C (0.47%). Therefore, the
thermally controlled dye release was reproducible between the two chiral forms of

oligonucleotide-NP conjugates.
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Figure 27: Thermally controlled dye release from L-substrate-NP conjugates in reaction
buffer. Positive refers to the control, in which free L-DNAzyme (0.5 uM) was added to the
L-substrate-NP conjugates in reaction buffer and incubated for 1 h at 37°C. Negative refers to
the control, in which the L-substrate-NP conjugates were incubated merely in reaction buffer
and incubated for 1 h at 37°C. The bars marked with 37°C and 49°C refer to the mixture of
L-DNAzyme/inhibitor2-NP and L-substrate-NP conjugates that were incubated in reaction buffer
for 1 h at the indicated temperatures. Error bars indicate standard deviations (n = 3).

4.2.6 Release Assay in Human Serum

To evaluate the efficacy of this two-conjugate system under a simulated in vivo
condition, release assays were performed in human serum. A standard calibration
curve for fluorescently labeled L-substrate in human serum was plotted as RFU vs.

concentration (Fig. 28), so that the amount of released dye can be quantified during

the assays.
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Figure 28: Standard calibration curve for L-substrate in human serum. The relative
fluorescent units (RFU) were plotted against the concentrations (nM) of Alexa Fluor® 647—
labeled L-substrate in 90% human serum that was buffered by 1 x DPBS (155.17 mM NacCl,
2.71 mM NayHPO,, 1.54 mM KH,PO,, final pH 7.2 at 25°C). The linear regression equation is y
= 3.8245x + 31.072 (R2 = 0.9999). Error bars indicate standard deviations (n = 4).

The mixed conjugates (L-DNAzyme/inhibitor-NP and L-substrate-NP) were
suspended in 90% human serum that was buffered by 1 x DPBS (155.17 mM NacCl,
2.71 mM Nap;HPO,4, 1.54 mM KH,PO,4, pH 7.2 at 25°C) at a concentration of 1 uM
and incubated in a water bath at 37°C or 49°C. Aliquots were taken at indicated
durations and the RFU values were determined and plotted (Fig. 29). The positive
control and the 49°C sample release fluorescent dyes quickly and efficiently over the
course of time investigated. The 37°C sample also shows an increasing dye release,
however, the values remain as low as the negative control. The positive control
released about 42% of all coupled dyes after incubating NP-substrate conjugates
with 0.5 pM free L-DNAzymes for 3 h at 37°C. The dye release at 49°C was
demonstrated to be significantly higher (25.2%) than at 37°C (1.2%), suggesting that
this two-conjugate DNAzyme-based approach is feasible for an efficient thermally

controlled drug release.
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Figure 29: Thermally controlled dye release from L-substrate-NP conjugates in human
serum. Positive refers to the control, in which L-substrate-NP conjugates were incubated with
L-DNAzymes (0.5 pM) in 90% human serum for 1 h at 37°C. Negative refers to the incubation of
L-substrate-NP conjugates in 90% human serum for 1 h at 37°C. The bar-sets marked with
37°C and 49°C defines the mixture of L-DNAzyme/inhibitor2-NP and L-substrate-NP conjugates
that were incubated in 90% human serum for 3 h at the indicated temperatures. Error bars
indicate standard deviations (n = 3).

4.2.7 One-Conjugate DNAzyme Approach

The established DNAzyme approach is based on a strategy involving two different
kinds of conjugates, i.e. L-DNAzyme/inhibitor-NP and L-substrate-NP. It is possible,
however, to immobilize both, DNAzyme/inhibitor duplex and L-substrate to identical
nanoparticles in a one-conjugate system (Fig. 30). The experiments of this section,
however, could only be conducted once due to the limited amount of mirror-image

oligonucleotides. Thus, the results are mere indicative rather than conclusive.
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Figure 30: Schematic for the one-conjugate and the two-conjugate DNAzyme approach.
Part A shows the one-conjugate system, in which DNAzyme/inhibitor duplex and substrate strand
are bound to an identical nanoparticle. Part B is the established two-conjugate system, in which
the DNA duplex and substrate strand are separately coupled to nanoparticles.

Again, the one-conjugate system was investigated by varying the molar ratios
between DNAzyme and inhibitor strand. The L-DNAzyme/inhibitor2 duplex,
prepared under different molar ratios between DNAzyme and inhibitor strand, was
coupled to nanoparticle with a two-step sulfo-SMCC reaction. Uncoupled
oligonucleotides were removed from L-DNAzyme/inhibitor2-NP conjugates. The
NP-duplex conjugates were further reacted with the L-substrate strands leading to
the formation of nanoparticles carrying both, DNAzyme/inhibitor duplexes and
fluorescently labeled substrate strands. This one-conjugate system, prepared under
different molar ratios between DNAzyme and inhibitor strand, was then investigated
for its ability to deliver a thermosensitive controlled dye release (Fig. 31). The
highest thermosensitivity (dye release at 49°C over dye release at 37°C; see above)
was obtained, when the DNA duplexes were prepared at a molar ratio of 1:1. Again,

the highest dye release was achieved at a molar ratio of 2:1.
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Figure 31: Release experiments of the one-conjugate DNAzyme approach. The duplexes
of DNAzyme/inhibitor2 with different molar ratios were coupled to nanoparticles, forming the
NP-DNAzymes/inhibitor2 conjugates. After removal of the uncoupled oligonucleotides, the
NP-duplex conjugates were further coupled with L-substrate strands. The prepared
one-conjugate system with different molar ratios was incubated for 1 h at 37°C or 49°C. The
RFU values in the supernatants were determined by a NanoDrop 3300 Fluorospectrometer.
The numbers above the bar-sets are the defined thermosensitivity.

Due to the limited materials, the results were obtained from a single experiment
with mirror-image oligonucleotides. However, it may indicate the potential problem
of undesired drug release at body temperature in contrast with the two-conjugate
system (Fig. 32). Both two systems achieved an efficient dye release at 49°C (21%).
The dye release at 37°C of the one-conjugate system was higher (8.35%) than that
of the two-conjugate system (0.47%). Therefore, the two-conjugate system was
demonstrated to be advantageous in the term of reducing drug release at body

temperature.
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Figure 32: Thermally controlled dye release of one-conjugate and two-conjugate system.
The DNA duplexes in both systems were prepared with molar ratio of 2 between L-DNAzyme
and L-inhibitor2 strand. After preparation of conjugates for both systems, the
L-DNAzyme/inhibitor2-substrate-NP conjugates and the mixture of L-DNAzyme/inhibitor2-NP

and L-substrate-NP conjugates were both incubated for 1 h at 37°C or 49°C, respectively.
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5 Discussion

Two approaches were developed and investigated for thermosensitive controlled
drug release. In the thermozyme approach, a thermo-responsive self-cleaving
ribozyme (thermozyme) was intended to be used as a thermolabile linker between
nanoparticle and drug. Since there was no reported thermozyme yet, an in vitro
selection experiment was performed to obtain such thermozymes from random
RNA sequences (Chapter 5.1). Due to the unsatisfying results of thermozyme
selection, a DNAzyme approach was developed for an efficient thermally controlled
drug release from nanoparticles by taking advantage of dsDNA thermosensitivity
and DNAzyme catalysis. The nucleic acid components in this system were turned
into mirror image counterparts to attain substantial stability under in vivo conditions
(Chapter 5.2). Finally, a clinical prospect of this novel DNAzyme-based
nanoparticle-drug release system was envisaged for the combined

chemo-hyperthermia treatment of human cancers (Chapter 5.3).

5.1 The Thermozyme Approach

An iterative in vitro selection and amplification procedure was used to isolate
thermozymes from a starting pool of random RNA sequences. The thermozyme
candidates should be able to cleave themselves efficiently under hyperthermic
temperatures (40 —50°C), while they should remain inactive under body
temperature (37°C). Thus, the selected candidates would be used as a thermolabile
linker between nanoparticles and cytotoxic drugs for a thermally controlled drug

release.

A pool of about 10 RNA variants was used for the selection of thermozymes that

can distinguish a small temperature change. The RNA molecules were at first
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incubated at body temperature of 37°C to remove undesired variants that would
self-cleave under these conditions. The intact RNA precursors were recovered from
denaturing gels and incubated at increased temperatures of 40 —50°C. The
variants able to self-cleave were recovered from denaturing gels and amplified by
RT-PCR. An enriched full-length dsDNA pool was then prepared by ligation and
transcribed to yield a new pool of RNA variants for the next round of selection. The
stringency of selection was steadily increased in later rounds, i.e.,
Mg**concentrations and incubation times at increased temperatures were declined
gradually, while incubation times at body temperature were increased. Finally, a
near-physiological condition with 2 mM Mg?* was used to ensure the activity of
thermozymes under in vivo conditions. An increased temperature range from 40°C
to 50°C was used to mimic hyperthermia, as well as to encourage individual
variants to explore alternate conformations, so that fewer thermozyme candidates

might be locked in inactive metastable conformations (Bartel and Szostak, 1993).

In addition, mutagenic PCR was performed to introduce random mutations from
rounds 7 to 11 on the purpose of generating more active variants. It is worth noting
that a strong self-cleavage (12.5%) at 37°C was observed at round 10, while less
than 5% self-cleavage was obtained at increased temperatures of 40 — 50°C from
the uncleaved RNA precursors. Further enrichment of thermozyme was, however,
unobserved after four additional rounds of selection. Hence, the currently applied
selection procedure was shown to be unable to yield enriched thermozyme

candidates.

To my knowledge, there have been no previous reports of the isolation of
thermo-responsive self-cleaving ribozymes. It is conceivable that there may be no
variant in the starting RNA pool that would be able to cleave itself in the desired
thermally controlled manner. This assumption is supported by the fact that the RNA
variants from round 10 showed a significant cleavage at 37°C even after three

rounds of stringent negative selection that were supposed to remove any RNA motif
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active at body temperature. Hence, it is conceivable that the self-cleaving
ribozymes active under increased temperatures of 40°-50°C are also prone to

cleave themselves at body temperature of 37°C.

Alternatively, there may have been thermozyme candidates in the starting pool, but
the applied selection procedure failed to sufficiently enrich them. The selection
procedure imposes additional selection criteria besides the pursued property of
thermo-responsive self-cleavage. The potential thermozyme motifs are required to
be reverse-transcribed into cDNA and then efficiently amplified via PCR to be

preserved and enriched during each selection cycle.

The thermozyme candidates need to be active during the selective step. This
implies that they maintain a complex and stable structure at 40 — 50°C. The active
candidates, however, are required to offer an accessible structure for reverse
transcriptases at 50°C, since the enzymes employed will be inactivated at higher
temperatures. Obviously, there is a structural conflict between self-cleavage and
cDNA synthesis in the experimental strategy. This conflict may be solved by the use
of reverse transcriptases that are active at temperatures above 50°C. Baranauskas
and his colleagues (2012) designed a mutant reverse transcriptase through
compartmentalized ribosome display evolution that is thermostable up to 62°C and
is now distributed by Life Technologies (USA). Moreover, Life Technologies offers a
Thermo-X™ reverse transcriptase that is thermostable up to even 70°C. These
novel enzymes might allow efficient cDNA synthesis from thermozyme candidates
that maintain a complex structure at 50°C and could thus enable the successful

identification of a thermozyme.

In addition, an amplification bias might also impose problems on the efficient
amplification of potential motifs, which is considered to be common for the
conventional one-compartment PCR. Templates with simple structures are

preferentially amplified over variants with a more complex structure. This bias is
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able to be significantly reduced through emulsion PCR by separating the templates
into individual reaction compartments. The template oligonucleotides can only be
amplified at the expense of the resources contained within each emulsion cell.
Hence, it could be worth trying to repeat the selection process by using a highly

thermostable reverse transcriptase in combination with emulsion PCR.

5.2 The DNAzyme Approach

A DNAzyme approach was developed due to unsatisfying results of the
thermozyme selection. In this project, the DNAzyme and the RNA substrate were
separately immobilized to iron oxide nanoparticles. The substrate strand functions
as linker between nanoparticle and cytotoxic drug. The DNAzyme strand was
immobilized indirectly through hybridizing it to a complementary strand that is
covalently coupled to a nanoparticle. Thus, the complementary strand, termed as
inhibitor strand, prevents the cleavage of the RNA substrate by the DNAzyme. The
DNAzyme/inhibitor duplex remains intact under body temperature, while DNAzyme
strands will dissociate from the inhibitor strands upon heat. Released DNAzymes
will attack the substrate strands, resulting in drug release. Moreover, the cleavage
reaction is not stoichiometric, but catalytic, which means multiple cleavages can be

achieved by each released DNAzyme strand.

A RNA-cleaving DNAzyme, 10-23 DNAzyme, was chosen due to its small size and
reported high tolerance of low Mg*" concentrations (Santoro and Joyce, 1998;
Kurreck et al., 2002). The 10-23 DNAzyme, isolated by in vitro selection from a pool
of random DNA sequences (Santoro and Joyce, 1997), is one of the best-studied
and most widely used RNA-cleaving DNAzymes. The catalytic core of the 10-23
DNAzyme is composed of an unstructured loop formed by 15 nucleotides.
Moreover, 10-23 DNAzymes have been widely utilized to suppress a number of

viral and endogenous target genes in cell culture studies and also in vivo via
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sequence-specific cleavage of RNA.

The sequence of the RNA substrate was designed by referring to a previous
publication from Santoro and Joyce (1998), in which 5’-GU-3’ was proven to be a
better cleavage site than others. Two binding arms each in length of 8 nucleotides

were chosen instead of 7 nucleotides due to its higher catalytic efficiency.

Two inhibitor strands that vary in length by 4 nucleotides were designed and
screened by their ability to deliver a thermally controlled release of the hybridized
DNAzymes through monitoring the concomitant cleavage of radioactively labeled
RNA substrates. The hybrids between DNAzymes and the shorter inhibitor strands
at molar ratios between 0.9:1 and 1.01:1 were able to cleave the substrates in a
thermally controlled manner (Fig. 16). It is worth noting that the DNAzymes cleaved
the substrates more efficiently at 49°C than at 37°C. The decreased activity of
DNAzyme under body temperature might be due to the slower recycling of the
DNAzymes, since the dissociation of the DNAzyme from the cleaved fragments
may become a reaction limiting step. Under hyperthermic temperatures, however,
the DNAzymes would dissociate quickly from the cleaved fragments and attack the
next substrate. Therefore, the enhanced temperature, necessary to release

DNAzyme from the inhibitor strand, was beneficial for the purpose of this project.

Sulfo-SMCC was reported to be superior to other commonly used crosslinkers such
as sulfo-GMBS, EDC and PDITC, in terms of binding efficiency and specificity for
coupling oligonucleotides to amino-functionalized iron oxide nanoparticles (Gao,
2011). Consequently, after investigating the DNAzyme cleavage with unbound
substrates and inhibitors, the thiol-modified oligonucleotides were coupled to
nanoparticles by using sulfo-SMCC as a linker. The results indicated that on
average 16 substrate strands can be efficiently coupled to one nanoparticle. This
result is in accord with the work of Gao (2011), who coupled about 15 RNA strands

per nanoparticle. The NP-substrate conjugates would have about 2.3 x 10
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substrates per cm? assuming that the superparamagnetic iron oxide nanoparticles
of 15 nm in size were perfect spheres. This density also concur with another
reported immobilization efficiency of approximately 5 x 10*? molecules per cm?
using sulfo-SMCC to link thiol-DNA to an amine-surface (reviewed by Pirrung,

2002).

The 16 coupled substrates are few in contrast with the previously reported 550
primary amino groups on each nanoparticle, which was revealed by a colorimetric
NBA assay (Gao, 2011). The low immobilization efficiency is likely due to steric
hindrances, since the RNA substrate with 17 nucleotides is a large molecule
compared to the nitrobenzaldehyde used in the colorimetric assay. In addition,
repulsive electrostatic forces between the polyanionic RNA strands might also

account for the low density of coupled substrates per nanoparticle.

Initially, the NP-substrate conjugates prepared by the two-step sulfo-SMCC
coupling reaction were unstable. The coupled dyes can not be released efficiently
from the NP-substrate conjugates after extended storage in PBS (pH 6.7) when
treated with free DNAzymes. The blocked dye release may be due to the undesired
interaction between nanoparticle and substrate. The large number of unreacted
maleimide groups, as mentioned above, might react with the primary amino groups
from adenine, guanine or cytosine via a nucleophilic addition mechanism resulting
in the formation of a stable secondary amine linkage. Based on this assumption, a
small thiol-carrying molecule GSH was chosen to block the unreacted maleimide
groups. The GSH-treated NP-substrate conjugates exhibited an efficient dye
release after extended incubation in PBS (pH 6.7). Therefore, the blocking of the
unreacted maleimide groups by GSH may prevent the formation of undesired
covalent bonds that would anchor the single-stranded substrate strands tightly to
the nanoparticle surface and impede the approximation of DNAzyme to substrate

strand.
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The task of the pursued system is the thermally controlled dissociation of
DNAzyme/inhibitor duplexes, which was achieved by varying the molar ratio between
DNAzyme and inhibitor strand during duplex preparation. After coupling the duplex to
nanoparticle, the amount of released DNAzyme was indirectly quantified by its ability
to cleave the immobilized substrate strand from another nanoparticle. A fluorescent
dye at the 3’-terminus of the substrate strand was used as reporter group to monitor
the cleavages. By defining the thermosensitivity as dye release at increased
temperature over release at body temperature, it was found that a sufficient
thermosensitivity was obtained when DNAzymes/inhibitor duplexes were prepared at
a molar ratio of 2:1. Under this ratio each inhibitor strand is likely to form a duplex
with a DNAzyme. The dye release at 49°C was demonstrated to be significantly
higher (21.8%) than at 37°C (1.1%), suggesting that this DNAzyme-based approach
is feasible for an efficient thermally controlled drug release. Hence, the
DNAzyme/inhibitor duplex is rather stable at body temperature, while the dissociation

of the duplex is triggered at increased temperature.

The successful translation of this DNAzyme approach for a thermally controlled drug
release in humans would rely on the stability of all components involved. The nucleic
acids, however, are easily degraded by abundant nucleases present under in vivo
conditions leading to the annihilation of the drug release system. Apart from the
stability of the conjugates, the in vivo stability of the oligonucleotides was guaranteed
by transforming them into mirror-image forms that are virtually undegradable by all
kinds of nucleases present under in vivo conditions due to their chiral specificities

(Klussmann et al., 1996; Nolte et al., 1996).

Initially, a comparative stability assay of D- and L-form DNAzymes in human serum
was performed to assess their resistance against nuclease degradation. The result
demonstrated that the bD-DNAzymes were almost completely degraded after 24 h,
while the degradation of the L-DNAzymes was undetectable even after 48 h. Thus,

the transformation of b-DNAzymes to mirror-image L-DNAzymes is sufficient for their
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stability in vivo.

The assay of the cleavage of L-substrate strands by either b-DNAzymes or
L-DNAzymes was carried out to confirm whether the mirror-image L-DNAzymes
could still cleave the L-substrate strands. The result showed that the L-substrate can
only be cleaved by the L-DNAzymes rather than through reciprocal cleavage by
D-DNAzymes, approving the strict chiral specificities between DNAzyme and

substrate.

After preparation of the conjugates (L-DNAzyme/inhibitor2-NP and L-substrate-NP),
release experiments in reaction buffer were performed to investigate, whether the
L-form system can inherit the ability of thermally controlled drug release from the
D-form system. The dye release at 49°C was demonstrated to be significantly higher
(21%) than at 37°C (0.47%), suggesting that the DNAzyme-based approach in its
mirror-image L-form is feasible for an efficient thermally controlled drug release,

which is in accord with the earlier result obtained from the natural b-form system.

To evaluate the efficacy of this two-conjugate system under simulated in vivo
conditions in view of future clinical applications, release assays were performed in
human serum. The dye release at 49°C was demonstrated to be significantly higher
(25.2%) than at 37°C (1.2%) after 3 h incubation in human serum. In addition, the
release at 37°C remains as low as the negative control (1%). A more than 20-fold

higher dye release was triggered at increased temperature than at body temperature.

This established DNAzyme approach could be turned into a thermally controlled drug
release system, when the coupled dyes are replaced by chemotherapeutic drugs. In
addition, the DNAzyme-based system is inherently compatible with the reported
magnetic fluid hyperthermia (MFH), since the oligonucleotides were immobilized to
superparamagnetic iron oxide nanoparticles that can be efficiently heated up by an

alternating magnetic field (AMF). Thus, the two-conjugate DNAzyme-based
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nanoparticle-drug release system could present a new application for combined

chemo-hyperthermia against solid tumors.

Apart from the thermosensitivity and release efficiency, the established
two-conjugate DNAzyme approach may be advantageous in comparison to a
one-conjugate drug release system in terms of reducing undesired side effects. To
test this assumption, the two-conjugate system was rendered into a one-conjugate
system, in which the L-DNAzyme/inhibitor duplex and the L-substrate strand are both
bound to the same nanoparticle. Due to the limited amount of mirror-image
oligonucleotides, the release experiments of the one-conjugate system were only
performed once in reaction buffer. Thus, the results are mere indicative rather than

conclusive.

The data from the release experiments showed that the one-conjugate system can
achieve an efficient dye release (21%) at increased temperature like the
two-conjugate system. The dye release at body temperature of the one-conjugate
system, however, is much higher (8.35%) than that of the two-conjugate system
(0.47%). It is conceivable that a released DNAzyme is likely to associate with
substrate strands in the one-conjugate system due to their proximity. In contrast, a
released DNAzyme in the two-conjugate system is more likely to reanneal to an
adjacent inhibitor strand as compared to hybridize with a substrate on a distant
nanoparticle. Hence, it is conceivable that the two-conjugate system may be superior
to the one-conjugate system in terms of reducing undesired drug release at body

temperature.

How do these results compare with the performance of other reported strategies in
which nucleic acid duplexes were used as thermosensitive molecules?
Double-stranded DNAs, as naturally occurring biological molecules, were reported to
be used as gatekeepers for a thermally controlled release of drugs that were

preloaded inside a mesoporous silica nanopatrticle (Schlossbauer et al., 2010; Chen
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et al., 2011; Ruiz-Hernandez et al., 2011). Duplex DNA was anchored to the
openings of the nanoparticle and was utilized as a cap for trapping the guest
cytotoxic drugs within the porous channels. It is worth noting, however, that the
release experiments in all three dsDNA-gatekeeping strategies were conducted

under buffer conditions rather than in human serum.

Biotin-labeled DNA duplex was attached to the opening pore of the nanopatrticle in
the work of Schlossbauer et al. (2010), allowing a subsequent closing of the pores by
the protein avidin. DNA duplexes of two different lengths (15 bp and 25 bp) with
melting temperatures (Tm) of 56°C and 76°C were used as gatekeepers and
investigated for their thermo-responsive release of guest fluorescein molecules,
respectively. When all intensity values were normalized to the highest obtained
fluorescent count of the respective sample, the 15 bp duplex system achieved 3%
relative release after 1 h incubation at 25°C, while 100% relative release was
observed after 30 min incubation at 45°C. The 25 bp duplex system achieved 3%
relative release after 1 h incubation at 25°C, 3.6% relative release after 1h
incubation at 45°C and 100% relative release after 30 min incubation at 65°C. It
would be more appropriate, however, to investigate the background release at body

temperature (37°C) rather than at 25°C in view of a potential clinical application.

In the work from Chen et al. (2011), a self-complementary duplex DNA of
14 nucleotides with a melting temperature (Tm) of 41°C was anchored to the
openings of the nanoparticle and was utilized as a cap for trapping the guest
cytotoxic drugs within the porous channels. An efficient release of guest molecules
(78%) was reported after 2 h incubation at an elevated temperature (50°C), while the
release at 25°C was about 3.6%. Here again, this system is unable to be applied
directly in the clinical context, since the study addressed the background release at

25°C rather than at body temperature of 37°C.

It is conceivable that a high amount of drug release at body temperature may occur
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since the melting temperature of this duplex DNA is about 40°C. This assumption is
confirmed by another dsDNA-based gatekeeping strategy where a 15 bp DNA duplex
with a melting temperature of 49°C was used to trap the guest molecules.
Ruiz-Hernandez et al. (2011) reported that 40% of the guest molecules were
released after incubation for 40 min at 37°C. Hence, a strategy based on mere
dissociation of DNA duplexes may be unable to achieve the desired thermally

controlled drug release.

In my thesis, the predicament of how to avoid undesired drug release under body
temperature while maintaining a sufficient release under elevated temperatures was
circumvented by the introduction of a catalytic DNAzyme. Here, the dissociation of
DNA duplexes is combined with a multiple cleavage of substrate strands by released
DNAzymes. A DNA duplex of 22 bp with a melting temperature of about 66°C was
applied as the thermosensitive molecule. Unlike the gatekeeping strategies requiring
a sufficient dissociation of dsDNA molecules to achieve the desired drug release, this
approach requires only a small amount of dissociated DNAzymes under
hyperthermic temperatures. The limited dissociation events are then catalytically
amplified by repetitive cleavage of substrate strands leading to a sufficient drug

release in a thermally controlled manner.

Gao (2011) reported a similar strategy for thermally controlled drug release from
nanoparticles, which relies on a thermally controlled dissociation of RNA/DNA
hybrids and resultant cleavage of drug-carrying substrates by released hammerhead
ribozymes. A fluorescent dye was used as a substitute for the cytotoxic drug. In
reaction buffer, the dye release at increased temperature of 49°C was shown to be
about 12-fold higher than the release at 37°C. To simulate its efficacy under in vivo
conditions, release experiments were performed in human serum. The result showed
that dye release at increased temperature of 49°C is about 3-fold higher than release
at the body temperature of 37°C. Hence, the ribozyme-based system may be

insufficient for future clinical developments.
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The hammerhead ribozyme used in this strategy was in its minimal form, which was
reported to be suboptimal for in vivo function due to its limited tolerance of a low
concentration of Mg®* (Khvorova et al., 2003; Uhlenbeck, 2003). The minimal
hammerhead ribozyme is fully active in the presence of at least 10 mM Mg?*. Its
activity would decline quickly along the decreasing concentration of Mg?*. Since the
concentration of Mg?* in human serum is about 0.46 — 0.6 mM (Ising et al., 1995), it is
predictable that a system based on hammerhead ribozymes will display a low drug

release in human serum.

Hence, a small 10-23 DNAzyme with both higher catalytic activity and tolerance of
low concentrations of Mg?* was chosen for this project, demonstrating a substantial
improvement of thermally controlled dye release in human serum. The dye release at
increased temperature of 49°C was 20-fold higher than the release at the body
temperature of 37°C, presenting a promising strategy for combined

thermo-chemotherapy.

In addition, the current development of a DNAzyme-based strategy has a further
advantage over a ribozyme-based approach, since the chemical synthesis of DNA is
more cost-effective than the preparation RNA. In contrast to the DNA synthesis, the
phosphoramidite-based RNA synthesis requires an extra protection of the 2’-hydroxyl
group. The protective group used for 2’-protection should be neither acid-labile nor
alkali-labile due to the course of the synthesis scheme. The established solid-phase
synthesis of RNA employs silyl groups for this purpose leading to significant loss of
materials in the preparation of RNA phosphoramidites. In addition, even trace
impurities of the phosphoramidite building blocks will result in a significant amount of
full-length by-products. Furthermore, the spacious silyl groups impose steric
hindrance for the coupling reaction leading to an extended reaction time and a
decreased yield of desired products. Hence, the coupling efficiency of RNA synthesis
is lower (98%) than that of DNA synthesis (99.8%). This small difference in cycle

leads to a serious loss in yields over the course of multiple couplings needed to
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synthesize a full-length oligonucleotide. Moreover, a large-scale (up to 1 kg)
chemical synthesis of oligonucleotides is required in clinical settings, which means
huge volumes and amounts of expensive solvents and reagents would be wasted
due to the inherent problem of 2’-hydroxyl groups. Thus, the DNAzyme-based
strategy can greatly reduce the production cost compared to the ribozyme-based

approach in a clinical context.

In conclusion, an efficient thermally controlled drug release system was established
by taking advantage of the thermosensitivity of duplex DNA and the catalytic property
of a DNAzyme. A hyperthermia induced local chemotherapy could be achieved, once
the fluorescent dyes are replaced by cytotoxic drugs. Compared with either
hyperthermia or chemotherapy alone, this combined chemo-hyperthermia would
provide a more effective outcome of anti-tumor treatment due to the additive and

synergistic effects between local hyperthermia and chemotherapy.

5.3 Outlook

One of the main challenges in cancer treatment is the administration of active
doses of chemotherapeutic drugs to a tumor site while sparing the normal tissues
from severe side effects. Over the past years, there has been increasing effort in
developing stimuli-responsive nanosystems capable of achieving both spatial and
temporal effective release of chemotherapeutic cargos at the target site. Numerous
nanosystems have been developed for controlled drug release in response to a
variety of endogenous or exogenous stimuli such as pH change, enzymatic activity,

redox activation, photoirradiation and temperature change (Mura et al., 2013).

Nanosystems in response to exogenous stimuli are considered to be more
advantageous in terms of spatiotemporal control over drug release (Blum et al.,

2014). A thermo-responsive nanosystem based on superparamegnetic
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nanoparticles holds great promise, since magnetic fluid hyperthermia (MFH) alone
proved to be clinically effective against solid tumors (Thiesen and Jordan, 2008).
Moreover, local hyperthermia can sensitize cancer cells to the concomitant

chemotherapy (Hildebrandt et al., 2002).

In view of combined chemo-hyperthermia treatment of solid tumors, this DNAzyme
strategy could improve the established NanoTherm® Therapy of MagForce
Nanotechnology AG (Germany). Currently, the site and the size of tumors inside a
patient could be determined by different in vivo imaging technologies that could
even monitor the progress of therapy. Hence, the NP-oligonucleotide conjugates
loaded with cytotoxic drugs can be directly injected into tumors guided by the
cancer imaging system. The concentrated conjugates inside the tumor tissue can
then be efficiently heated by an externally applied AMF leading to a concentrated
local hyperthermia. More importantly, the local hyperthermia would trigger an
efficient release of cytotoxic drugs leading to a concentrated local chemotherapy.
Finally, the combined local hyperthermia and chemotherapy may erase the tumor in
a more effective way than either hyperthermia or chemotherapy could accomplish

alone.

Due to the abundant vasculatures and leaky fenestrations of the neovasculatures
inside the tumor tissue, part of the injected conjugates could escape from the target
site and be circulated to non-pathogenic tissue of a patient, such as liver, spleen and
kidney. The two-conjugate DNAzyme strategy, however, would greatly reduce the
chance of undesired drug release by anchoring the DNAzymes and the drug-loaded
substrates onto separate nanoparticles. The limited amount of escaped conjugates
would be quickly diluted in the circulation system away from injection site. Therefore,
it is conceivable that the accumulation of two various conjugates in a same cell of
non-pathogenic tissue might be unlikely. Even though there is accumulation of two
various conjugates in same cells, a sufficient drug release remain impossible since

the external AMF is applied specifically to tumor tissue. Therefore, the two-conjugate
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DNAzyme strategy seems to be superior to other reported one-conjugate thermally

controlled drug release systems in terms of sparing non-target tissues.

More importantly, this two-conjugate DNAzyme-based nanoparticle-drug release
system can be further functionalized with cancer-targeting aptamers that would guide
the conjugates specifically into the cancer cells. In this case, the
aptamer-functionalized conjugates may even be administrated intravenously into a
patient without requiring the precise location of the tumors. This strategy could be of
special value to target metastatic tumors. The conjugates would accumulate at
different tumor locations through blood circulation due to their targeting abilities.
Hyperthermia generated by AMF, in this case, would need to be applied to larger
areas to trigger the desired drug release. The chance of undesired drug release and
its resultant side effects towards non-pathogenic tissues, however, would still be
significantly reduced, since the release of coupled drugs from conjugates depends
on both, the remotely applied hyperthermia and the local concentration of the two

conjugates.

This DNAzyme-based strategy can satisfy the two most important criteria for
successful therapy, i.e., spatial placement and temporal delivery. Hence, | envisage
that the established two-conjugate DNAzyme-based nanoparticle-drug release
system presents a novel combined local chemo-hyperthermia with improved
therapeutic effects against solid tumors and may be of value to fight metastatic

tumors in combination with cell-specific aptamers.
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6 Summary

Two approaches were designed for a thermally controlled release of drugs from
nanopatrticles. In the first project, a cis-cleavage strategy was pursued to develop a
novel, self-cleaving ribozyme (termed thermozyme) that renders active upon heat.
This thermozyme would be employed as a temperature-sensitive linker between
nanoparticle and drug. While it should remain inactive at body temperature, the
thermozyme should cleave itself at hyperthermic temperatures of 40 —50°C
releasing the attached drug. An in vitro selection and amplification procedure was
utilized to identify thermozyme candidates from a large pool of random RNA
sequences. No candidates with the pursued properties could be enriched from the
starting pool. The absence of desired catalysts contrasts with successful
experiments to develop novel ribozymes and suggests that other strategies may be

needed to identify thermozymes.

In the second project, a trans-cleavage strategy was developed in combination with
a catalytic DNA for the controlled release of drugs from nanoparticles. Upon heat,
DNAzymes were dissociated from their complementary strands that were attached
to nanoparticles. These thermally released DNAzymes could then trans-cleave
RNA substrate strands bridging nanoparticles and drugs. Furthermore, the
oligonucleotides used were replaced by their enantiomeric isomers to ensure
extended in vivo stability. This thermally controlled drug release system was
successfully investigated with a fluorescent dye as a drug substitute in human
serum, establishing a more than 20-fold higher release at increased temperature
than at body temperature. The results demonstrated a promising prospect towards

a hyperthermia induced local chemotherapy for the treatment of solid tumors.
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7 Zusammenfassung

Zwei Vorhaben wurden fir eine thermisch kontrollierte Wirkstofffreisetzung von
Nanopartikeln bearbeitet. Im ersten Projekt wurde eine Strategie verfolgt, um ein
neuartiges Ribozym (Thermozym) zu entwickeln, das sich durch thermische
Anregung selbst (in cis) spalten kann. Diese Thermozym wirde als
Temperatur-sensitiver Linker zwischen Nanopartikel und Wirkstoff eingesetzt
werden. Wahrend es bei Korpertemperatur inaktiv bleiben sollte, wiirde sich bei
hyperthermischen Temperaturen von 40 — 50°C das Thermozym selbst spalten und
den Wirkstoff freisetzen. Um Thermozyme aus einer zufélligen Bibliothek von
RNA-Sequenzen zu identifizieren, wurde ein Verfahren zur in vitro-Selektion und
Amplifikation eingesetzt. Allerdings konnten keine Kandidaten mit den angestrebten
Eigenschaften angereichert werden. Die Abwesenheit mdglicher Kandidaten steht
im Gegensatz zu erfolgreichen Selektionen anderer Ribozyme, so dass veranderte

Strategien erforderlich werden, um potentielle Thermozyme zu entwickeln.

Im zweiten Projekt wurde eine trans-Spaltungsstrategie in Kombination mit einer
katalytischen DNA fir die kontrollierte Wirkstofffreisetzung von Nanopartikeln
entwickelt. Durch Wéarmezufuhr wurden DNAzyme von Nanopartikel-gebundenen
Komplementarstrangen dissoziiert. Diese thermisch freigesetzten DNAzyme
konnten RNA-Substratstrange (in trans) spalten, die als Briicke zwischen
Nanopartikeln und Wirkstoffen dienen. Weiterhin wurden die verwendeten
Oligonukleotide durch ihre enantiomeren Isomere ersetzt, um eine verlangerte in
vivo Stabilitat zu gewahrleisten. Dieses thermische gesteuerte Freisetzungssystem
fur Wirkstoffe konnte erfolgreich mit einem Fluoreszenzfarbstoff als Wirkstoffersatz
in Humanserum getestet werden, wobei eine mehr als 20-fache Freisetzung bei
erhohter Temperatur im Vergleich zur Korpertemperatur erzielt wurde. Die
Ergebnisse weisen auf einen vielversprechenden Ansatz zur Bekampfung von

soliden Tumoren durch Hyperthermie-induzierte lokale Chemotherapie.
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9 Appendix

9.1 Materials

9.1.1 Chemicals

[Alpha-*?P]GTP Hartmann Analytic
[Gamma-*?P]ATP Hartmann Analytic
Acetic acid Rothe, Germany
Agarose Rothe, Germany

APS Rothe, Germany
Bromophenol blue Serva, Heidelberg
DEPC Sigma-Adrich, Germany
DNA ladder (20-bp) Rothe, Germany

EDTA disodium salt dehydrate Biomol, Germany
Ethanol Rothe, Germany
Ethidium bromide Fluka, France
Formamide Promega, USA

Gelatin solution Sigma-Adrich, Germany
HEPES Rothe, Germany
Hydrochloric acid Sigma-Adrich, Germany
L-Glutathione reduced Rothe, Germany
Magnesium chloride Sigma Aldrich, Germany
NTP set, 100 mM solutions Fermentas, Germany
RiboLock™ Rnase inhibitor Fermentas, Germany
Roti®-Chloroform/Isoamylalkohol (24:1) Rothe, Germany
Roti®-Load DNA (with glycerol) Rothe, Germany
Roti®-Mix PCR 3 (pH 7) Rothe, Germany
Roti®-Phenol Rothe, Germany
Rotilabo® PCR reaction tubes, 0.2 ml Rothe, Germany
Rotiphorese® Gel 40 (19:1) Rothe, Germany
Human serum Sigma-Aldrich, Germany
Sodium acetate Riedel de Haen, Germany
Sodium chloride Rothe, Germany
Sodium hydroxide Rothe, Germany
Standard buffer solution, pH 10.0 Sigma-Adrich, Germany
Standard buffer solution, pH 4.0 Sigma-Adrich, Germany
Standard buffer solution, pH 7.0 Sigma-Adrich, Germany
StrataClean™ Resin Agilent Technologies, USA
Sulfo-SMCC Sigma-Adrich, Germany
TAE buffer, 10 x Rothe, Germany

TBE buffer, 10 x Rothe, Germany
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TCEP Sigma-Adrich, Germany
TEMED Rothe, Germany
Tris Rothe, Germany
Tris hydrochloride Rothe, Germany
Urea Rothe, Germany
Xylencyanol Rothe, Germany

9.1.2 Nucleic Acids

All oligonucleotides used in this work were purchased from IBA GmbH (Géttingen,

Germany).

9.1.3 Enzymes

Banl, recombinant New England Biolabs
Dnase |, Rnase-free Fermentas, Germany
Styl-HF™ New England Biolabs
SuperScript™ 11l Reverse Transcriptase  Invitrogen, USA

T4 DNA ligase New England Biolabs
T4 Polynucleotide Kinase New England Biolabs
T7 RNA Polymerase Fermentas, Germany
Taq DNA Polymerase New England Biolabs

9.1.4 Buffers

Dulbecco’s Phosphate-Buffered Saline (1 x DPBS) pH 6.7
137.9 mM NaCl

8.06 mM Na;HPO,4:7H,0

2.67 mM KCI

1.47 mM KH2POyq4

Phosphate-Buffered Saline (1 x PBS), pH 7.2
155.17 mM NacCl

2.71 mM Naz;HPO4-7H,0

1.54 mM KH,PO,
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Phosphate-Buffered Saline (1 x PBS), pH 7.4
155.17 mM NacCl

2.97 mM NazHPO4'7H20

1.06 mM KH,PO,

TAE Buffer (10 x)
400 mM Tris-Acetat (pH 8.0 at 25°C)
10 mM EDTA

TBE Buffer (10 x)
900 mM Tris—borate (pH 8.0 at 25°C)
20 mM EDTA

TE Buffer
10 mM Tris-HCI (pH 8.0 at 25°C)
1 mM EDTA

ThermoPol® Reaction Buffer
20 mM Tris-HCI (pH 8.8 at 25°C)
10 mM (NH4)2504

10 mM KCI

2 mM MgSOq4

0.1% Triton® X-100

T4 Polynucleotide Kinase Reaction Buffer (10 x)
500 mM imidayole-HCI (pH 6.6 at 25°C)

100 mM MgCl;

50 mM DTT

1 mM spermidine

1 mM EDTA

Loading Buffer for Agarose and Native Polyacrylamide Gel (6 x)
60 mM Tris-HCI (pH 7.5 at 25°C)

30 mM Na-acetate

12 mM EDTA

60% (w/v) Glycerol

0.18% (w/v) Bromphenol blue

0.12% (w/v) Xylene cyanol blue

Urea PAGE Loading Buffer (2 x)
2 X TBE

16 M Urea

0.04% (w/v) Bromphenolblue
0.04% (w/v) Xylencyanol
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Reaction Buffer (release experiments of DNAzyme-based release system)

50 mM Tris-HCI (pH 7.5 at 25°C)
10 mM MgCl;

In vitro Selection Buffer

50 mM HEPES (pH 7.5 at 25°C)
150 mM NacCl

2 — 10 mM MgCl,

1 U/pl RiboLock™ Rnase inhibitor

9.1.5 Devices and Consumption Materials

Agarose gel chamber

Amicon Ultra 30K centrifugal filter
Amicon Ultra 3K centrifugal filter
Autoclave 500-D

Biofuge Fresco refrigerating centrifuge
Clean bench

Contamination monitors

DNA LoBind tubes, 1.5 mi
Electrophoresis constant power supply 3000/150
Film processor CAWOMAT 2000R
Fluor-coated TLC plate

Freezer -20°C

Freezer 4°C

Freezer -80°C

Fuji X-ray films RX

Gel Dol 2000

Transilluminator UV reprostar

Gel electrophoresis system

Gloves

Heracell CO; incubator

Horizontal electrophoresis systems
Human serum

Hypercassette film cassette

Ice machine

Kimwipes

Laboratory balances

MultiLowBinding® MpltiGuard® 1 — 20 pl
MultiLowBinding® MultiGuard® 1 — 300 i
MultiLowBinding®-MicroGuard® 0.1-10 pl
Magnetic particle separator
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Bio-Rad, USA

Millipore, USA

Millipore, USA

Sterico, AG, Switzerland
Heraeus, Germany
Heraeus, Germany
BERTHOLD, Germany
Eppendorf, Germany
Pharmacia Fine Chemicals
Cawo, Germany

Merk, Germany

Bosch, Germany
Bosch, Germany
Heraeus, Germany
KISKER Biotech GmbH
Bio-Rad, USA

CAMAG, Switzerland
Renner GmBH, Germany
neolLab, Germany
Thermo Scientific, USA
Bio-Rad, USA

Sigma, Germany

Amersham Pharmacia Biotech

Scotsman, USA
Kimberly-Clark, UK
Sartorius, Germany
Rothe, Germany
Rothe, Germany
Rothe, Germany
Roche, Germany
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Magnetic stirrer

Microprocessor pH meter 761
Microwave

Milli-Q laboratory water systems
NanoDrop™ 3300 fluorospectrometer
NucleoSpin® Gel and PCR Clean-up
NucleoSpin® Plasmid QuickPure
Parafilm® M

PCR apparatus
PCR-micro-centrifuge tubes

pGEM-T easy vector system I
Phosphor screen

Phosphorimager exposure cassette
Phosphorimager storm 840

Pipettes

Polyacrylamide gel champer
PowerPAC 200

PTC-100™ programmable thermal controller
SpeedVac SC110

Syringe filter, 0.22 um

Table-top centrifuge

Thermomixer comfort

Tube rotator

Typhoon FLA 7000 multi-purpose laser scanner
Ultrasonic bath

Ultrasonic Cleaner

UV-VIS sspectrophotometers
VARIOKLAV® steam sterilizers
Vortex-Genie 2

Water bath
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IKA-Combimag RCT, Germany
Helmut Singer Elektronik
Daewoo Electronics, France
Millipore, USA

PEQLAB, Germany
Macherey-Nagel, Germany
Macherey-Nagel, Germany
American National Can, USA
Biometra, Germany

Rothe, Germany

Promega, USA

Molecular Dynamics, USA
Molecular Dynamics, USA
Molecular Dynamics, USA
Gilson, France

Renner GmbH, Germany
Bio-Rad, USA

MJ Research Inc., USA
Savant, USA

Rothe, Germany

Eppendorf, Germany
Eppendorf, Germany

VWR, Germany

GE Healthcare, Sweden
VWR, Germany

BANDELIN electronic GmbH
Shimadzu, USA

Thermo Scientific, USA
Scientific Industries, USA
GFL, Germany
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9.2 Abbreviations

A absorbance

°C degree Celsius

A.D. Anno Domini

Axxx absorbance at xxx nm wavelength
AMF alternating magnetic field

APS ammonium persulfate

ATP adenosine 5’-triphosphate

B base

B.C. before Christ

bp base pairs

c concentration

ca. circa

cDNA complementary DNA

Ci curie

CPG controlled pore glass

CT computed tomography

Da dalton

DEPC diethylpyrocarbonate

DMT 4.4’-dimethoxytrityl

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate
DPBS Dulbecco’s phosphate-buffered saline
ds double-stranded

e.g. exempli gratia (“for example”)
EDTA ethylenediaminetetraacetic acid
Egrl early growth response factors 1
EPR enhanced permeability and retention
et al. et alia (“and others”)

EtBr ethidium bromide

f frequency

Fig. figure

g gram

G guanosine

GBM glioblastoma multiforme

GFP green fluorescent protein

GSH L-Glutathione

h hour(s)

H amplitude

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
ie. id est (“it is”)

kKA/m kiloampere/meter

Kcat turnover number
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Kwm

I

M
MFH
Hz
min
mM
mol
mPerl
MRNA
NBA
NHS
NK-cells
nM

nm
nmol
NP

nt
NTP
PAA
PAGE
PAI1
PBS
PCR

RFU
RNA
rpm

RT
RT-PCR

SAR
SELEX

SMCC

SS
sulfo-SMCC

Tab.
TAE
TBE
TCA
TCEP

Michaelis constant

liter

mol/L, molar

magnetic fluid hyperthermia

hertz(s)

minute(s)

micromolar

mole(s)

mouse periodl

messenger ribonucleic acid
nitrobenzaldehyde

N-hydroxysuccinimid

natural killer cells

nanomolar

nanometer(s)

nanomole

nanoparticle

nucleotide(s)

nucleotide triphosphate

polyacrylamide

polyacrylamide gel electrophoresis
plasminogen activator inhibitor 1
phosphate buffered saline

polymerase chain reaction

coefficient of determination

relative fluorescence unit

ribonucleic acid

rotations per minute

room temperature or reverse transcription
reverse transcription polymerase chain reaction
second(s)

specific absorption rate

systematic enrichment of ligands by exponential
enrichment

succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate

single-stranded
sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate

time

table

Tris-acetic acid-EDTA

Tris-borate-EDTA

trichloroacetic acid
Tris(2-carboxyethyl)phosphine
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TEMED
Tof-p1
TLC
Tm
Tnf-a
Tris

U

uv

\%

viv
VEGFR2
wi/v

Xg
XNAs

€

i

UM

T

TN

N,N,N’,N-Tetramethylethan-1,2-diamin
transforming growth factor beta 1

thin layer chromatography

melting temperatures

Tumor necrosis factor alpha
tris(hydroxymethyl)-aminomethan
unit(s)

ultraviolet

volt(s)

volume per volume

vascular endothelial growth factor receptor 2
weight per volume

times gravity (relative centrifugal force)
Xxeno-nucleic acids

extinction coefficient

micro liter

micro molar

Brownian relaxation time

Néel relaxation time

Prefixes of units:

p (pico) 1072

n (nano) 107
W (micro) 10°
m (mill) 103
k (kilo) 10°
M (mega) 10°
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9.3 Curriculum Vitae

For reason of data protection, the curriculum vitae is not included in the online
version.
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9.4 Publication
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