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Abstract
The development of safe and efficacious chemotherapeutics has been the goal of cancer
researchers for decades. Many different methods have been used to pursue this goal
ranging from small molecules that act targets to large biomolecules such as antibodies.
Aptamers are a new class of biomolecules similar to antibodies in that they fold into 3D
shapes which specifically bind to a target of interest, but differ in that they are composed
of single stranded RNA or DNA. Aptamers are selected for using the SELEX method
and can be designed to bind nearly any target the researcher desires. Aptamers are
chemically and thermally more stable than proteins and can be modified in a variety of
ways to alter their function. This can include cytotoxic nucleotides, phosphorothioate
backbones to increase enzymatic resistance, dyes, and chemically reactive groups as a
few of the possibilities. Other nucleic acids, such as siRNA can be delivered via
aptamers. This adaptability makes aptamers ideal candidates for drug delivery purposes.
Collectively, the work described herein demonstrates the versatility of aptamers as drug
delivery vehicles and seeks to expand the ways in which they can be used as such.
In this dissertation we demonstrate a novel way to link a chemotherapeutic to DNA for
delivery purposes using a reversible covalent linkage. This novel chemistry is used to
modify aptamer with chemotherapeutic drugs and deliver it specifically to prostate cancer
cells. We then show the same aptamer can be used to treat prostate cancer tumors in vivo
by delivering nanoparticles containing a zinc chelator. A new method of SELEX, which
utilizes capillary electrophoresis and next generation sequencing, allows for rapid
selection of aptamers is described. This method of SELEX is used to identify a new
aptamer against Vitronectin, a protein which may be linked to breast cancer malignancy,
xiv

and the application of the aforementioned chemistry results in a cytotoxic aptamer with
high affinity to its target.

xv

Chapter I
General Introduction
I.1 Introduction of Chemotherapeutic Concepts: Balancing the Cure and its Cost
Nearly every physician in the United States takes some form of the Hippocratic
Oath before beginning their journey as a medical practitioner. In ancient times part of the
oath, translated from Greek, read “With regard to healing the sick, I will devise and order
for them the best diet, according to my judgment and means; and I will take care that they
suffer no hurt or damage.” This oath has been modernized by Luis Lasagna, with the
corresponding section of the modern version of this oath stating “I will apply, for the
benefit of the sick, all measures which are required, avoiding those twin traps of
overtreatment and therapeutic nihilism”. The first of these “twin traps”, overtreatment,
can be interpreted to mean not to treat a patient when no treatment is necessary. Why is
this idea so important to our medical practice that it is ingrained into the foundation of
medical ethics today? A likely reason for the inclusion of this line in the oath, even
thousands of years ago, is that with every treatment comes a risk, whether inherent to the
treatment or as a side effect. Reinforcing this idea is one the most common statements
made about practicing medicine, erroneously attributed to the Hippocratic Oath is “first
do no harm”. While a cursory interpretation of this would suggest that physicians are to
cause no damage to their patients, often the treatments themselves can carry deleterious
side effects, and some cases even lead to death. However, these treatments are still
prescribed to patients despite the risks because the risks of the treatment are out weight
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by the possible befits. The dichotomy of this struggle is perhaps best exemplified in the
treatment of cancer.
In cancer treatment, toxic agents are selectively and carefully administered to
patients in a hope that the drugs eliminate the malignancy before the patient’s body
succumbs to the treatment itself. The list of potential side effects of chemotherapy is long
and varied, including but not limited to; hair loss, weakness, loss of appetite, nausea,
vomiting, diarrhea, shortness of breath, liver and kidney damage, reduced mental
facilities, cardiac damage, neutropenia and even secondary malignancies. Both the mental
and physical side effects of receiving chemotherapy can be incredibly taxing on a patient
and their family. And the risks of these side effects can be high. In a study of leukemia
patients receiving chemotherapy, nearly 30% developed pneumonia, and 17% died from
the infection1. And while these side effects are severe, chemotherapeutics are still
prescribed to patients. These drugs and other related treatments such as radiation therapy
are the best tools at our disposal to deal with the myriad of diseases we group under the
term “cancer”. Cancer is a highly heterogeneous group of diseases which all can be
described by saying they are “A patient’s own cells which through random mutation,
chemical exposure, or other initiating factor have lost control of their regulatory
functions, no longer function as they were intended, and grow uncontrollably”. Cancers
can be categorized by tissue or origin, common mutations, physical chrematistics, genetic
heritage, surface markers, and biochemical signatures, and although the drugs we use to
treat them are varied and have evolved over the decades, most still rely on the same
premise as the earliest chemotherapeutics, that cancer cells grow at a faster rate than
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healthy cells. However, this is only partially true and still leaves healthy tissue which
normally has dividing cells at risk of being damaged by the drugs.
Many chemotherapeutics target mechanisms active in diving cells because
malignant cells divide rapidly. This provides a differential response between healthy and
disease cells. For example, taxanes inhibit the depolymerization of microtubules,
preventing the affected cells from completing mitosis. Gemcytabine is a nucleoside
analog that can be misincorporated into the DNA during replication and halts polymerase
activity after its incorporation. Other nucleoside analogs can also halt DNA replication in
a similar but unique fashion, and additionally inhibit enzymes required to synthesize the
native nucleotides used during DNA replication. A plethora of anti-folate derivatives
exist as well, with the primary drug being methotrexate. These drugs are structurally
similar to folate, which is used in many biochemical pathways. Anti-folates generally
function by binding to enzymes responsible for synthesizing nucleotides which normally
bind folate or one of its metabolites as co-factors. Thymidylate synthase, dihydrofolate
reductase, and glycinamide ribonucleotide formyltransferase, which are all involved in
the synthesis of nucleotides necessary for DNA replication, are the primary targets of
anti-folates. Anthracyclines function by inserting between the base pairs of DNA and
prevent the unwinding of DNA by topoisomerases. While not an exhaustive list of
chemotherapeutics by any means, most traditional therapies function by targeting cellular
replication, often at the DNA level, however this is not always true. Many newer drugs
target mutated or fusion proteins which can result in accelerated growth or reduced cell
death in cancer. One such example is the drug imatanib, which prevents the action of a
fusion protein that is a product of the fusion of the BCR and ABL genes which results in a
3

constitutively active tyrosine kinase which activates proteins responsible for cell growth
via phosphorylation. Despite the arrival of drugs that act through other mechanisms that
are used by dividing cells, most patients will receive some form of chemotherapy that
acts through disruption of cellular replication. However, replication is not a feature that is
exclusive to malignant cells, placing these healthy cells and patients in harm’s way.
Many of the body’s normal cells also replicate at a high rate, exposing them to
the effects of chemotherapy. This explains why cancer patients often lose their hair as a
result of chemotherapy, as the hair follicles which are growing and dividing are killed by
the drugs. While this side effect is emotionally challenging for patients and their families,
it is one of the least serious side effects of traditional chemotherapy. Perhaps one of the
more concerning systems affected by chemotherapy is the immune system through
depletion of immune cells. Patients can become immune deficient during treatment
because immune precursor cells are constantly dividing, making them particularly
susceptible to drugs that target replicative processes active in cancer cells. Additionally,
when a person becomes infected with a pathogen clonal expansion of B and T cells is
required to mount an effective immune response. Patients undergoing chemotherapy are
monitored for their absolute neutrophil count during treatment, and drugs are often
assessed for their nadir, or the time at which the immune system is at its lowest after
treatment. The depletion of the immune system during chemotherapy is perhaps the most
dangerous immediate side-effect, however some drugs also carry a risk of possibly fatal,
long term effects as well.
Doxorubicin is the parent drug of the anthracycline group of drugs,
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Figure 1: Illustration of Doxorubicin showing the tetracene and daunosamine ring systems

which are categorized by their tetracene ring system, which gives the drug its deep red
color, and exogenous daunosamine sugar ring (Figure 1). Anthracyclines are some of the
most prescribed chemotherapeutic agents used in the clinic today, and are listed as a core
medicine on WHO’s list of essential medicines for healthcare. They are used to treat a
wide range of malignancies, including lymphoma, lung, ovarian, stomach, uterine,
bladder, breast cancer, and leukemia. However, the use of anthracyclines has decreased in
recent years with the introduction of new drugs which have fewer side-effects,
anthracyclines are still used as a front line treatment in many malignancies including
leukemia2,3. Initially isolated from a mold found in a 13th century castle in Italy in the
1950’s, the antibiotic was quickly identified to have anti-tumor activity and was in
clinical use by the 1960’s4. However, after less than a decade in clinical use
anthracyclines were identified to have irreversible cardiotoxicity by 19675. Further
investigation showed that this effect was dose dependent6. This cardiotoxicity is
especially detrimental in young patients with about 60% of all childhood cancer patients
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receiving anthracyclines7. About 10% of children receiving a cumulative dose of
≤300mg/m2 Dox develop congestive heart failure8. While the exact reasons for
anthracycline cardiotoxicity are still currently unknown, it is speculated that the drugs
induce apoptosis in cardiomyocytes through a variety of pathways, including free radical
production via the tetracene ring system interacting with iron9,10. This is supported by the
use of an iron chelator, dexrazoxane, reducing cardiotoxicity in patients receiving
anthracycline treatment11. Interestingly, this mechanism is unique from the mechanism
that is responsible Dox’s anti-cancer effects.
Anthracyclines are highly lipophilic and can pass freely through the cell
membrane. Once internalized into the cell the drug localizes to the nucleus where the
tetracene ring system intercalates into the DNA, while the daunosamine sugar rests in the
minor groove, with binding affinity of ≈100nM at 37°C12. Once intercalated into the
DNA Dox prevents the replication of DNA through poisoning of Topoisomerase II.
Topoisomerases are responsible for nicking, unwinding, and religating DNA during
replication. Without the function of topoisomerases DNA can become supercoiled during
replication, preventing the process from proceeding. Dox, and other anthracyclines,
function by halting the progress of TopII by stabilizing the DNA-TopII complex at the
site of intercalation after the DNA is cleaved by the enzyme13,14. These topoisomeraseDNA-Drug adducts are referred to topoisomerase cleavage complexes. Once formed
TopIICC’s can elicit cell death in multiple ways, the primary mechanism that is
responsible for activity is currently debated and likely varies from cell type to cell type.
Cleavage Complexes can result in double stranded DNA breaks can, which must be
repaired by the cell. The accumulation of these breaks can result in fatal mutation if the
6

break is repaired improperly. Large amounts of breaks beyond the repair capacity of a
cell can result in signaling the cell to undergo apoptosis. Interestingly, it appears that
many of the enzymes responsible for signaling for repair, such as Ataxia Telangiectasia
Mutated, ATM. ATM functions to halt the cell cycle when double strand breaks are
detected by phosphorylating CHK2, which leads to downstream signaling and halts the
cell from proceeding through replication. However, if ATM is bound to the DNA for an
extended period of time it can phosphorylate MDM, the inhibitor of P53, and begins a
signal cascade resulting in apoptosis. Cells can gain resistance to anthracyclines through
a variety of methods. MCF7 cells exposed to increasing levels of Dox had elevated levels
of both type I and type II cytochrome p450 genes, which can metabolize the drug to an
inactive form, as well as an increase in drug eflux pump genes. Resistant MCF-7 cells
also down regulated TopII by 200 fold, reflecting the importance of TopII to the
mechanism of anthracyclines15. While treating cancer cells through TopII poisoning has
proven effective, it also carries with it a risk of inciting a secondary malignancy. Healthy
cells exposed to the drug are generally replicating at a slower rate than the cancer, giving
them more time to repair the lesions. However, DNA repair is imperfect, and can result in
mutations that increase the odds of developing cancer later in life, commonly
leukemia16,17. While anthracyclines are effective and their mechanism of action well
understood they still possess serious side-effects, leaving researchers to develop new
therapeutics that are safer and more effective than what is currently available.
The search for more effective chemotherapeutics has two end points; the
development of drugs that are more potent, in that they are better at eradicating the
malignancy and prevent recurrence, and developing therapies that have fewer side7

effects. These goals are not mutually exclusive, and can be accomplished through
multiple means including using existing drugs in new applications, chemically modifying
existing drugs, the development of entirely new drugs, or targeting drugs to the
malignancy through a variety of methods.
While creating entirely novel drugs may result in the discovery of a generational
leap in cancer treatment, this method requires the most resources from start to finish, has
unpredictable effects, and has a very high likelihood of failure. Modifying current
chemotherapeutics is a route that has been commonly exercised by researchers and
pharmaceuticals alike, and has resulted in a plethora of drugs that all have similar
mechanisms, but they possess slightly different properties such as potency, side-effects,
and pharmacological factors . Examples include anthracyclines, (doxorubicin,
daunorubicin, epirubicin, etc) and anti-folates (methotrexate, pemetrexed, raltitrexed,
etc). This route of drug development rarely leads to breakthroughs in treatment, but is
still a valuable component of drug discovery. Perhaps the most expeditious route to
developing new therapies it to test current drugs, or drugs that failed to improve
outcomes in one type of malignancy, against other types of cancers. The genetic,
phenotypic, and physiological differences between cancers can result in drugs being
ineffective in some cases, and highly effective in others, however any side-effects of the
drug will still be present. A fourth route to developing better drugs is to target them
specifically to malignant cells so that healthy cells receive a much lower exposure of the
drug than the targeted cancer. This can be done by synthesizing new drugs that only act
on targets expressed by cancer cells, or by linking current chemotherapeutics to a
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delivery system. Drugs targeted directly to cancer cells allow for reduced side-effects
while also being more potent than untargeted drugs.

I.2 Increasing Drug Efficacy through Targeted Therapies
While anthracyclines such as Dox have been used in the clinic for decades, their
role is becoming diminished by drugs that have fewer and less severe side-effects than
the heart failure and secondary malignancy. There are two methods in which more
effective drugs with a higher therapeutic index can be made. The first method involves
creating new small molecule drugs that act on processes that are only active in malignant
cells, such as the BCR-ABL fusion protein specific imatinib. For the purposes of this
work, this method will be referred to as “passive targeting” as the drug is still free to
diffuse throughout the body and could possibly have off target effects elsewhere. The
second method uses molecules, both small and macro scale, to deliver existing therapies
to the site of the tumor, reducing the dose needed to treat the tumor. In some cases the
targeting molecule can be therapeutic in its own right, such as trastuzumab which bind to
and block signaling through the Her2 protein in breast cancer. This second method will
be referred to as “active targeting” for the purpose of this work, as the drugs are being
actively delivered to the site where they are desired.
Passively targeted drugs take advantage of processes that are unique to or critical
to a cancer’s development, but not necessarily in normal cells. One of the earliest
passively targeted drugs is tamoxifen, a drug that once metabolized competes with
endogenous estrogen for binding to estrogen receptors on breast cancer cells18.
9

Tamoxifen was initially studied as a contraceptive, but it proved to be ineffective in this
use, but it was found to have chemotherapeutic properties in the 1970’s19. Tamoxifen was
later found to act on both estrogen receptor α and β, as a partial against/antagonist against
ER-α and pure antagonist through ER-β20. While estrogen receptors are expressed
throughout the body it is hypothesized that the differential expression co-factors which
regulate DNA binding and gene expression, which associate with ER’s are responsible
for tamoxifen’s activity in breast tissue21. However, because ER’s are expressed
throughout the body, side-effects can occur, including increased risk endometrial cancer
due to altered ER activity in those tissues with treatment22. Tamoxifen is also used in
otherwise healthy women to promote fertility and ovulation, further establishing off
target effects of the drug23. A more recent example of a passively targeted drug is the
BCR-ABL tyrosine kinase inhibitor, imatinib. Imatinib functions by inhibiting the kinase
activity of the constitutively active BCR-ABL fusion protein24. BCR-ABL is the product
of a gene fusion event between chromosome 9 and 11 forming an aberrant chromosome,
known as a Philadelphia chromosome, and is thought to be the driving oncogenic factor
of chronic myelogenous leukemia25. The BCR-ABL protein has many downstream
targets which it phosphorylates, including RAS/MAPK, PI/PI3K, and JACK/STAT
pathways which all play a role in cell survival and proliferation26. Imatinib function by
inserting into the ATP binding site of the BCR-ABL kinase, preventing the
phosphorylation of the target proteins. The introduction of imatinib was highly
successful, improving the prognosis of CML patients an average of 3-5 years to ≥ 90%
survival after 8 years27. Imatinib is also generally well tolerated in patients, although
nausea, headaches, diarrhea, and immune suppression are common. However, it is
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possible for cancer cells to acquire immunity against imatinib via additional mutation to
the BCR-ABL protein Imatinib bind near the ATP binding site of the kinase activity site
in BCR-ABL and stabilizes the protein in an inactive form, however recent research has
identified that mutation to the kinase domain of the protein alters the binding pocket of
imatinib, resulting in a protein which remains in the active confirmation despite imatinib
binding28.
Another way to specifically target drugs to cancer cells is to design molecules that
actively seek out and bind to targets expressed on the cell surface. One of the most
successful examples of this is the antibody trastuzumab, a monoclonal antibody against
HER2, which is over expressed in some subtypes of breast cancer. HER2 is a
transmembrane protein with intracellular tyrosine kinase domains and an extracellular
epidermal growth factor receptor domain. Over expression of HER2 results in increased
signaling through increased dimerization, which autophosphorylate and being signaling
through a variety of pathways including PI3K, MAPK, RAS, PKC, and SRC29. About
30% of breast cancers over express HER2, making it an attractive target for therapy30.
Combination therapy with trastuzumab and chemotherapy enhanced survival by 37%
compared to chemotherapy alone in a meta-analysis of over 4000 patients with a median
follow up time of 8.4 years31. Trastuzumab recognizes the extra cellular EGFR domain of
HER2 and blocks the binding of the ligand, preventing downstream signaling32 (Figure
2).
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Figure 2: Trastuzumab FAB fragment (blue) binding to HER2; obtained from PDB entry 1N8Z

Trastuzumab and other antibody based therapies can also aid in eliciting an immune
response against the cell they are bound to through recognition of the Fc region of the
antibody33. Trastuzumab is not the only antibody based therapy, and direct blockage of
binding sites is only one way in which antibodies can be used as a therapy. Antibodies
can be irradiated, and once administered they collect at the site which express the
antibodies’ target, resulting in a much larger dose to the targeted tissue than healthy
tissue34. Antibodies are also being explored to target nanosized particles as well to
increase their efficacy.
Nanoparticles are a unique from other types of therapy in that they can be
developed to accomplish multiple therapeutic goals simultaneously. Nanoparticles
encompass a wide variety of molecules, and an exact definition of what a nanoparticle is,
is still not entirely decided. Generally, nanoparticles are loosely defined as a large
molecule or group of molecules that form a particle between 1 and a few hundred
12

nanometers. This definition could include single antibodies if applied liberally, however
this is generally not accepted. Some examples of nanoparticles are; liposomes,
buckeyballs, quantum dots, carbon nanotubes, and dendrimers to name a few. The myriad
of materials and shapes that can be used to make nanoparticles allows for a wide variety
of applications, but also makes the field difficult to detail exhaustively. Some
nanoparticles elicit their effects directly, while other are used as a delivery system for
conventional drugs. However, there are some similarities that most nanoparticles share
which make them attractive therapeutic candidates. One of the most discussed of these
attributes is the enhanced permeability and retention effect (EPR). The EPR effect is a
result of increased vascular growth in tumors. Once tumors grow beyond ≈ 0.5mm3 they
become vascularized to supply oxygen and nutrients to the tumor center35. These vessels
are not as well organized or tightly structured as normal vasculature, although they
contain most of the components of normal vasculature36. Endotheolial cells play a major
role in controlling the influx and efflux of blood from the vessels and must maintain a
tight monolayer in order to do so. In cancer associated vasculature endothelial cells are
present but they fail to form a strong barrier, resulting in leaky vessels37. In healthy, nonleaky vessels nanoparticles are maintained within the vasculature, precluding them from
extravasating into the tissue. In tumor vasculature, the lack of organized vessels allows
the nanoparticles to extravasate into the tumor and collect there. This facilitates an
increased efficacy of drugs delivered via nanoparticles than if they are administered as
the free drug38. When doxorubicin was incorporated into a polyacrylamide particle it
displayed reduced side-effects, and some anti-tumor effects in refractory tumors when
examined in a phase I clinical trial, largely due to EPR39. Beyond EPR, nanoparticles also
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have an extended plasma half-life when compared to small molecules. This is primarily
due to reduced renal excretion of the nanoparticles. Particles greater than 15nm are not
readily cleared by the kidney as they are too larger to pass through the glomerulus of the
kidney40. While this increases plasma retention, require lower or less frequent dosing, it
can also result in toxicities. This can be partially avoided by the development of
biodegradable nanoparticles.
One of the earliest and most clinically successful nanomaterials are liposomes.
Liposomes are primarily composed of a mixture of a phospholipid bilayer, with other
lipid components such as cholesterol incorporated into the bilayer for stability. Drugs can
be encapsulated in the aqueous lumen of the liposome, or lipophilic drugs and be
contained in the bilayer itself, although this may change the properties of the liposome.
The stability, size, melting temperature, and charge can all be controlled in liposomes by
altering the membrane components. Additionally, liposomes can be modified on the
surface by polyethyleneglycol or antibodies to extend half-life, reduce immunogenicity,
or target the complex. Liposomes are well tolerated in vivo, and do not have significant
long term toxicity due to the use of biodegradable materials. One of the most successful
liposomal drugs used in the clinic is Doxil, a pegylated liposomal formulation of
doxorubicin. Doxil is approved by the FDA for use in Kaposi sarcoma, ovarian cancer,
multiple myeloma, and is in clinical trials as a treatment for metastatic breast cancer, with
reduced cardiotoxic risk when compared to free doxorubicin despite having a 73 hour
plasma half-life when compared to a 10 minute half-life of the free drug41, 42. Although,
Doxil does have a propensity to collect in the capillaries of the hands and feet, palmarplantar erythrodysesthesia, which is redness, swelling, and peeling of the palms and soles
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of the foot which is not associated with free doxorubicin. Myocet is an additional
liposomal formulation of doxorubicin which does not have a PEG coating and is
approved for use in Europe against metastatic breast cancer. It has equal efficacy to free
doxorubicin when used in combination with cyclophosphamide, although having less side
effects. Only 6% of patients receiving myocet versus 21% of patients treated with
doxorubicin experienced cardiotoxicity44. While nanoparticles such as liposomes can
increase the efficacy of a drug by altering its plasma half-life, stability, and distribution
profile, they are still not actively targeted to a specific site, but rely on inherit properties
based on their size to localize to a tumor site.
In order to further increase the efficacy of nanoparticles can be modified by
appending a variety of targeting molecules to their surface. One of the most basic
molecules that has been used for this purpose is folic acid (FA), which is utilized in one
carbon transfers in the synthesis of nucleotides. There are multiple folate receptors that
are expressed on the surface of cells that are used for importing the nutrient into cell
which have picomolar affinity for the vitamin, providing a high affinity binding target for
drug delivery44. Because malignant cells are dividing at a rapid rate they have increased
metabolic requirements, and upregulate folate receptors in order to help meet the needs of
high DNA replication rates. High folate receptor levels have been identified in ovarian,
breast, lung, bladder, and pancreatic cancers, but some normal tissues also express high
levels of folate receptor as well, limiting its specificity against malignant cells45. None
the less, there are many preclinical and clinical trials that are examining folate targeted
drugs46,47,48. Folate targeting has also been used on nanoparticles as well, which results in
increased delivery to cells and better tumor growth inhibition than either free drug or
15

untargeted liposomes49,50. In addition to the pharmacological effects of liposomal
delivery, encapsulating drugs in liposomes and targeting the liposomes allows researchers
to target drugs that cannot be directly modified. However, because folate receptors are
also expressed throughout the body, folate targeting can also result in an increase in
normal tissue uptake versus free drug. Another method to target liposomes and other
nanoparticles is through the use of antibodies. During oncogenic transformation many
cancer cells alter expression of many proteins, including surface proteins which can be
used as a target for delivery purposes. Surface proteins such as the previously discussed
HER2 in breast cancer allow antibodies to be produced which specifically bind to cells
over expressing the target of interest. Other markers are being constantly identified, and
the use of next generation sequencing has quickened the rate at which new targets can be
identified51, 52, 53. Trastuzumab was linked to the surface of a liposome via an amide bond
formed by reacting N-Hydroxysuccinimide linked to lipids on the surface of the liposome
with primary amines on the antibody. These liposomes were then used to deliver an
additional nanoparticle to HER2+ cancer cells, increasing delivery significantly over
untargeted liposomes54. However, some research has indicated that targeting liposomes
with antibodies does not increase localization to the tumor site, but increases efficacy by
enhancing internalization into the cells55. This suggests that the EPR and other effects
related to size drive the particles to accumulate at tumor sites regardless of targeting, but
targeted particle bind directly to cells, holding them in positions that facilitate the large
particles entering into cells at greater rates than untargeted particles.
Another cancer antigen, Prostate Specific Membrane Antigen (PSMA) is
beginning to take hold as a candidate for targeted delivery as well. PSMA is expressed on
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the surface prostate cells, and becomes more highly expressed in prostates cancer. PSMA
has even been used to assess the likelihood of disease progression and recurence56, 57.
PSMA has also been shown to be upregulated in the vasculature of and in tumors of nonprostatic origin58. In order to capitalize on this J591, and antibody specific to PSMA was
developed in the late 1990’s and recognizes the extracellular portion of PSMA59, 60.
Radiolabeled J591 has shown promise in preclinical trials and is currently being
evaluated in clinical trials, demonstrating the viability of PSMA as a target61, 62, 63. J591
has also been used to target liposomes as well64. However, antibodies have some
limitations for targeted delivery. If they are produced in non-human cells they must be
humanized to reduce immunogenicity. Antibodies also must go through rigorous
purification processes because they are produced in animals or cells and must be purified
before use. Antibodies are also very sensitive to temperature changes and can become
degraded if stored above 4°C. While antibodies have proven to be, and will continue to
be, a promising avenue for targeted therapies there are other biomacromolecules that can
also specifically recognize antigens on cancer cells as well which have a number of
advantages over traditional antibodies.

I.3 DNA as a Structure: The use of DNA for Drug Targeting
DNA has been explored as a drug delivery agent for many decades, stretching
back over 40 years. Anthracyclines were complexed with DNA before IV administration,
resulting in increased plasma half-life, reduced toxicity, and altered efficacy, as the DNA
acted as a carrier molecule for the drugs65. Similar to antibodies, DNA can be used to
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target specific antigens expressed on cell surfaces as well. In the 1990’s it was discovered
by Lary Gold that single stranded RNA, and later DNA, could fold into defined 3D
shapes that could recognize a variety of ligands, including proteins, small molecules, and
even metal ions66, 67, 68.
DNA is composed of a phosphodiester-deoxyribose backbone which one of four
bases, guanine, adenine, cytosine, or thymidine, per unit. These bases can pair via
hydrogen bonding with their commentary base, forming a double helix structure. Double
stranded DNA can adopt one of three confirmations, A, B, and Z, with B-DNA being the
most prevalent biologically. Both A- and B-DNA are rotate to the right, with the major
difference being alterations in the rise per base pair and angles of the base pairs compared
to the internal axis of the DNA. A-DNA appears to be the confirmation that DNA takes
when either desiccated or when tightly packed69, 70. In contrast, Z-DNA has a left handed
turn and other geometric changes when compared to B-DNA71. The biological purpose of
Z-DNA is still unknown, although it may play a role in strain relief during transcription72.
Base pairing with a complementary strand of DNA places structural and geometric
restrictions on the confirmations that DNA can take, however, many of these restrictions
are removed when there is only a single strand of DNA, allowing for a much wider range
of 3D shapes to be formed.
In the case of aptamers, single stranded DNA is heated and cooled, resulting the
single strands base pairing with themselves, forming stems and loops, loops, bulges, and
other secondary structures which can bind to other molecules. These single stranded
DNA molecules are referred to as aptamers, and are designed via an iterative process
known as SELEX, or Serial Evolution of Ligands by EXponential enrichment73. In
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SELEX, a library of DNA is synthetically produced to contain known 3’ and 5’
sequences between 10 and 20 base pairs which are used as primers for PCR at later steps
of SELEX. The interior region of the DNA sequences contains a random sequence of
nucleotides, which can range from as few as 10 to as many as 40 bases, although nearly
all possible combinations of sequences can be achieved with 25 random bases in a
library of 1015 sequences, a typical number of sequences used in SELEX, although 1020
has been reported74. Once the library is synthesized, the nucleotides are run against a
target of interest. Traditionally this is achieved by binding a protein to a column and
running a solution of aptamers down the column. The column is then washed thoroughly
and increasing concentrations of salt, change in pH, or increased temperature will remove
weak binding sequences. Fractions are collected, with stronger binders being collected in
later fractions. However, there are multiple ways to perform the selection step of SELEX,
including magnetic bead binding, cell binding, and capillary electrophoresis75, 76, 77. The
selection step of SELEX can even be performed in vivo by injecting an aptamer library
into mice and isolating aptamers that localize to tumors or cross the blood brain barrier78,
79

. After the selection step is complete, sequences are amplified by PCR, purified, and

refolded using the same heating and cooling procedure that was performed on the parent
structure so that the aptamers fold into the same shapes as they were in during the first
step. This process is repeated a number of times, sometimes incorporating negative
selection to remove non-specific binding aptamers. After the selection process is
complete aptamers are cloned into bacteria, isolated and sequenced. Recently, next
generation sequencing (NGS) has been used to remove the trial and error of cloning,
making the aptamer identification step much more high throughput75. NGS can also be
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used to monitor the evolution of an aptamer library after each selection80. Once aptamers
are identified they are synthesized and assessed for binding to the target.
SELEX allows for the creation of aptamers that have low nanomolar to picomolar
affinity, similar to antibodies, but their creation and production can be entirely abiotic.
Being chemically produced as opposed to biologically also allows for a myriad of
modifications to be made to aptamers that would be difficult to achieve with antibodies.
Modifications of aptamers can be made in very specific locations, at the ends of the
aptamer, or inserted exactly between any two bases that the researcher desires. For
example, Aptamers can be fluorescently labeled at any point in the sequence, with exact
stoichiometry, even allowing for different dyes to be inserted at specific locations on the
aptamer. In antibodies, labeling is a result of dyes reacting with either cystines or
glutamines, resulting in multiple dyes reacting randomly over the surface of the antibody.
Aptamers are also inherently non-immunogenic, although if an immune response is
desired they can be engineered to stimulate a response81, 82. Aptamers can also be
modified during SELEX for enhanced stability or increased variability. Recently an
expanded genetic alphabet was used to select aptamers, increasing the possible sequences
signifcantly83. Natural DNA utilizes the D isomer of glucose, however, the L isomer can
also be used in the synthetic synthesis of DNA as well. Aptamers that are made of L
isomer sugars are referred to as spiegelmers, and are resistant to nucleases because the
enzymes do not recognize the mirror sugars used in these aptamers84. This is achieved by
using the mirror of the target and a natural D isomer aptamer for selection and PCR, as L
isomer based nucleic acids are not recognized by polymerases. When finally produced, L
isomer sugars are used which recognize the natural target and not the mirror image that
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was used for selection. Aptamers can also be modified for stability after selection as well
by replacing natural phosphodiester bonds with phosphorothio bonds, which are much
more resistant to nuclease degradation. Unnatural sugars and bases can also be
introduced, as well as terminal PEG molecules all increase the plasma stability of
aptamers. Aptamers can also have a variety of reactive groups incorporated that can be
used for conjugation to other molecules of interest. Amines, thiols, azides, alkynes, NHS,
and maleimide can all be incorporated into aptamers to link them to other molecules.
Aptamers have been used to target a variety of molecules, from directly linking
drugs to the aptamer, all the way to targeting nanosized particles. Aptamers have been
commonly used to target dox, mostly by taking advantage of the drugs natural affinity to
intercalate into DNA85, 86, 87. However, relying on intercalation alone allows for
doxorubicin to leak out of the complex, limiting the efficacy of these constructs. The use
of reversible covalent linkages can greatly increase the stability of these complexes and
will be addressed in later chapters. Other drugs such as gemcitabine have also been
delivered via aptamers by using streptavidin-biotin conjugation88. While these conjugates
often result in reduced cytotoxicity against cells when compared to free drug, targeting
small molecule drugs in this way increases the specificity of the drugs against cancer
cells while sparing healthy cells. General reduced cytotoxicity likely occurs due to
decreased passive diffusion of drugs across membranes when they are aptamer bound,
however reduced non-specific uptake ideally results in reduced side-effects and increased
therapeutic index89. Alternatively, aptamers can also be used to target much larger
particles. In these cases multiple, dozens to hundreds, of aptamers are bound to a single
particle for delivery purposes. Multimerization of aptamers has been shown to increase
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the avidity of the complex to the target90. Aptamers have been used to target many
different types of nanoparticles, including carbon nanotubes, gold nanoparticles, and
liposomes91, 92, 93.
Aptamers fill a similar role as antibodies in specific delivery, but the ability to
rapidly develop new aptamers against nearly any target, alter the stability of the aptamers,
select aptamers that have inherent activity such as BBB permeability or receptor
blocking, their high degree of chemical malleability, and their relatively low cost to
produce one they are identified makes them ideal candidates as drug delivery agents.
While chemotherapy has progressed a great deal since its beginnings in the 1940’s there
is still a long road ahead. Chemotherapy drugs are not benign, and cancer treatment can
carry risks that are as threatening as the disease itself. Side-effects of chemotherapy result
from nonspecific uptake of drugs into healthy cells and can limit a patient’s treatment
options. DNA based aptamer delivery represents an exciting avenue to target not only
existing drugs, but also the burgeoning family of nanoparticles, increasing the therapeutic
index of these therapies. Additionally, the original patent on SELEX technology has
recently expired, opening the floodgates for new academic and industrial exploration of
this technology. In the proceeding chapters many of these aspects will be discussed,
including loading DNA and aptamers with doxorubicin with a novel reversible linker,
targeting zinc chelating liposomes with the PSMA specific SZTI01 aptamer, as well as
improving the aptamer selection process, reducing the selection time from months to a
matter of weeks.
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II.1 Abstract:
Doxorubicin (Dox) is widely used for breast cancer treatment but causes serious side
effects including cardiotoxicity that may adversely impact patient lifespan even if
treatment is successful. Herein, we describe selective conjugation of Dox to a single site
in a DNA hairpin resulting in a highly stable complex that enables Dox to be used more
effectively. Selective conjugation of Dox to G15 in the hairpin loop was verified using
site-specific labeling with [2-15N]-2′-deoxyguanosine in conjunction with [1H–15N] 2D
NMR, while 1:1 stoichiometry for the conjugate was validated by ESI-QTOF mass
spectrometry and UV spectroscopy. Molecular modeling indicated covalently bound Dox
also intercalated into the stem of the hairpin and stability studies demonstrated the
resulting Dox-conjugated hairpin (DCH) complex had a half-life >30 h, considerably
longer than alternative covalent and noncovalent complexes. Secondary conjugation of
DCH with folic acid (FA) resulted in increased internalization into breast cancer cells.
The dual conjugate, DCH-FA, can be used for safer and more effective chemotherapy
with Dox and this conjugation strategy can be expanded to include additional anticancer
drugs.
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II.2 Introduction:
Doxorubicin (Dox) is widely used for treating breast cancer and other malignancies;
however, serious toxicities, including an occasionally lethal cardiotoxicity, counter the
therapeutic benefit of Dox, resulting in a search for chemical modifications that attenuate
systemic toxicities while maintaining strong antitumor activity.(1) The principal
cytotoxic mechanism of Dox is poisoning of DNA topoisomerase 2 (Top2) which results
in generation of lethal DNA double strand breaks (DSBs).(2) Dox also undergoes
REDOX cycling and increases oxidative stress following cell uptake. Recent studies have
indicated that Dox cardiotoxicity results from an on-target effect, the poisoning of Top 2
in cardiomyocytes.(3) Hence, strategies to improve the therapeutic index of Dox require
prolonged sequestration of Dox while in circulation and efficient Dox release following
selective uptake into targeted cancer cells. We describe here a new approach for Dox
delivery to cancer cells that takes advantage of the selective chemical reactivity of a
single-site in a DNA hairpin to create a novel Dox-conjugated DNA hairpin (DCH) with
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favorable Dox retention and release properties and that is targeted to breast cancer cells
via folic acid conjugation.
DNA is central to biological function as the repository of genetic information, but DNA
also has tremendous potential as a material with diverse potential functions, including
drug delivery. Our laboratory has demonstrated the utility of DNA for delivery of
cytotoxic nucleotide analogs with F10, a polymer of the thymidylate synthase (TS)
inhibitory nucleotide 5-fluoro-2′-deoxyuridine-5′-O-monophosphate (FdUMP) displaying
enhanced antileukemic activity and reduced systemic toxicity relative to conventional
fluoropyrimidine drugs such as 5-fluorouracil (5-FU).(4, 5) We recently demonstrated the
potential for DNA hairpins to be useful for drug delivery with involvement of both the
major and minor grooves as well as the duplex region of the hairpin. We have shown that
cytotoxicity can be modulated by inclusion of minor groove binding ligands, such as
netropsin or distamycin, while Zn2+, a metal ion that displays anticancer activity, can
occupy the major groove in DNA hairpins appropriately substituted with FdU nucleotides
in the stem.(6, 7) Hence, not only are the chemical properties of DNA of potential use for
drug delivery, but its structural diversity may also be utilized for drug delivery
applications.
Dox interacts with DNA via intercalation of the tetracene ring system between the planar
base pairs of duplex DNA and occupation of the minor groove by the daunosamine sugar
moiety.(8) Noncovalent binding of Dox to DNA is, however, readily reversible, and
noncovalent complexes have relatively short half-lives (t1/2 ∼ minutes). Nonetheless, in
clinical trials noncovalent association of Dox with calf-thymus DNA reduced Dox
cardiotoxicity and improved the therapeutic index.(9) Dox also forms covalent adducts
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with DNA that are more stable but require an aldehyde precursor to link the daunosamine
sugar of Dox to the exocyclic amine of guanine with the reaction proceeding via a Schiff
base intermediate.(10, 11) Dox–DNA covalent adducts are more cyotoxic than
noncovalent complexes, and covalent adducts have been synthesized and used as endpoints in studies of anthracycline cytotoxicity.(12) Formaldehyde is used in the formation
of Dox–DNA adducts, and exogenous formaldehyde promotes Dox covalent adduct
formation to genomic DNA. Dox–formaldehyde conjugates have been prepared and used
for delivery of an activated form of Dox that favors covalent adduct formation to
genomic DNA.(13)
We describe here the synthesis of a covalent conjugate of Dox to a single site of a DNA
hairpin and demonstrate that this conjugate can be targeted to breast cancer cells. Dox
covalent binding to DNA occurs primarily at N2 of guanines with sequence specificity
for 5′-dGpC sites, suggesting a 3D conformation that facilitates covalent binding.(14)
Our studies utilized a 25mer DNA hairpin that included a GAA hairpin-promoting
sequence closed by a CG base pair with the stem consisting of 10 dA-dT base pairs
(Figure 1). Although the hairpin included two dG sites, using 2D NMR in conjunction
with site-specific labeling we determined only G15 in the GAA hairpin promoting motif
formed a covalent adduct with Dox (Figure 2). Molecular modeling suggested that G15
N2 was not engaged in alternative interactions stabilizing the hairpin and that the
tetracene ring system intercalated between the CG and first AT base pairs (Figure 3). The
Dox-conjugated hairpin was exceedingly stable with a half-life of ∼30 h at physiological
pH while the noncovalent complex had a half-life of minutes (Figure 4). Dox was
however efficiently released at the acidic pH of endosomes following cell uptake (Figure
42

5). Folic acid conjugation of the hairpin resulted in cell-specific uptake into breast cancer
cells and selective cytotoxicity toward targeted cells (Figure 6). These results
demonstrate the utility of DNA hairpin conjugates for the improved delivery of Dox and
other anticancer drugs.

Figure 1. Reversible reaction between Doxorubicin and the exocyclic amino of Guanine
in DNA mediated through formaldehyde. Red “G” in the secondary structure of the
hairpin denotes potential sites of Dox reactivity.
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Figure 2. (A) UV–vis absorbance spectra for equmiolar amounts of Dox and DCH. Equal
absorbance at 480 nm is consistent with the DCH complex being of 1:1 stoichiometry.
(B) M-Dox peak of MW 7727 corresponds to the unreacted parent DNA, while the M+
peak of MW 8283 is obtained by the addition of Dox (MW 543) and CH2 (MW 14) −2H
lost as water. (C) Overlay of 1H–15N HSQC displaying the N2 of G12 and G15 from
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two independent singly labeled samples. Blue and green peaks represent the G12 amino
before and after reaction with Dox, respectively. Black and red peaks represent the G15
amino before and after reaction, respectively.

Figure 3. Secondary structure and molecular model of the DCH. Dox is bound to N2 of
G12 and intercalated between the G15:C11 and A10:T16 base pairs. The lower 9 AT
base pairs of the stem have been truncated for simplicity. Structures are colored as
follows: guanine, green; adenine, red; thymine, yellow; cytosine, blue; Dox, light blue;
methylene linker, white; DNA backbone, brown. (A–C) 3D modeling of the DCH
structure. (D) 3D model of the unreacted hairpin.
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Figure 4. Fluorescence quenching of DCH displays a ∼50% reduction in fluorescence
after 30 h, while noncovalent complexes display greater than 50% reduction in
fluorescence within 1 h (data not shown). Error bars represent standard deviation of the
mean of three measurements. Assuming zero-order kinetics, the rate constant is k = 1.15
× 10–11 M/s.

Figure 5. (A) Fluorescence microscopy of 4T1 cells treated with either untargeted or
folate-targeted DCH. (B) Quantification of Dox fluorescence from 4T1 cells. Error bars
represent standard deviation from the mean of at least 30 measurements. A Student’s
two-tailed t test was used to determine significance.
46

Figure 6. Targeting DCH with folic acid (DCH-FA) significantly increases the
cytotoxicity of the DCH construct toward 4T1 breast cancer cells. Error bars represent
standard deviation from the mean with four replicates of each condition. A Student’s twotailed t test was used to determine significance (i.e., p < 0.05)— *significantly different
from control; Δ significantly different from DCH-FA.
II.3 Experimental Section:
Materials
All nonlabeled hairpin DNA sequences were synthesized by IDT (Coralville, Iowa,
USA). Isotopically labeled hairpins were synthesized by the DNA core lab at Wake
Forest University. Clinical samples of doxorubicin (Dox) used for cell assays and DCH
synthesis were obtained from the Wake Forest Baptist hospital pharmacy. Cu2+-Tris[(1benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (Cu2+-TBTA) was obtained from Lumiprobe
(Hallandale Beach, Florida, USA). All media for cell culture was obtained from the Wake
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Forest University Cell and Viral Vector Core Lab. All other chemicals were obtained
from Sigma-Aldrich and used as received.
Synthesis of DCH
A 0.37% (by weight) solution of formaldehyde was prepared by dissolving
paraformaldehyde in Dulbecco’s Phosphate Buffered Saline without calcium or
magnesium (PBS) pH 7.4. Doxorubicin was added to 4 °C formaldehyde–PBS to obtain a
final doxorubicin concentration of 250 μM. DNA hairpin loops were prepared as
previously reported(6) by heating and flash-cooling of the DNA to favor intramolecular
hairpin formation over dimerization. Hairpins were added to the Dox–formaldehyde
solution to obtain a final hairpin concentration of 100 μM. Reactions were allowed to
proceed at 10 °C in the dark for 48 h. DCHs were purified by extracting twice with
phenol/chloroform and twice with chloroform. This extraction removes unreacted dox
from the solution. After extraction, DCHs were ethanol-precipitated and recovered by
centrifugation. Pellets were rinsed twice with 70% ethanol and 100% ethanol to remove
any residual formaldehyde. Pellets were then evaporated to dryness under reduced
pressure. The red–pink pellets were then resuspended in water. A Beckman Coulter DU
800 was used to measure absorption at 260 nm. Yields were typically 70–80% for the
conjugate as measured by UV absorbance at 260 nm. All products were stored at −20 °C.
Synthesis of Alkyne Functionalized Folic Acid
Alkyne functionalized folic acid was synthesized similarly to previously reported
methods.(15, 16) Briefly, folic acid (100 mg, 0.227 mmol) was dissolved into 10 mL of
DMF and stirred with a magnetic stirrer and cooled in an ice bath for 30 min before
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proceeding. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC) (38.7 mg, 0.249
mmol) was added to the stirred solution and allowed to react for 30 min. NHydroxysuccinimide (NHS) (31.4, 0.272 mmol) was then added to the reaction vessel
and stirred for an additional 30 min. Propargyl amine (25 mg, 0.454 mmol) was then
added to the reaction, which was warmed to room temperature and allowed to react for 24
h. 10 mL of 1:1 diethyl ether/chloroform was added to the reaction vessel, which
precipitated the yellow–orange product. This was collected and washed three times with
chloroform, diethyl ether, and water. The product was dried under vacuum overnight.
Yield 69 mg (64%). 1H NMR (DMSO-d6, ppm): 11.06 (−OH), 8.64 (PteridineC7 H),
8.29–8.24 (−CONH-CH2C≡CH), 8.04 (−CONHCHCO2H), 7.67–7.65 (Ph–C2H and Ph–
C6H), 6.94 (−NH2), 6.64 (Ph–C3H and Ph–C5H), 4.48 (PteridineC6–CH2NH-Ph), 4.31
(−CONHCHCO2H), 3.81 (−CONH-CH2C≡CH), 3.08 (−CONH–CH2C≡CH), 1.98–1.96
(−CHCH2CH2), 1.87–1.85 (−CHCH2CH2, 2H).
Synthesis of FA-DCH
Hairpin with a 5′ terminal azide was used for the synthesis of FA-DCH. 45 μL of a 100
μM solution of the hairpin was added to a 500 μL centrifuge tube. To this 10 μL (pH = 7,
2 M) of triethylamine/acetic acid buffer was added and mixed. 45 μL DMSO was then
added to the solution and mixed well. 4.5 μL of a 10 mM solution of alkyne
functionalized folic acid was added to the solution, mixed, and bubbled with Ar for 15
min. 10 μL of 5 mM ascorbic acid in water was added to the solution followed by 5 μL of
Cu2+-TBTA. The reaction was mixed and bubbled with Ar for 15 min before sealing the
tube and being placed in the dark at room temperature for 24 h. FA-DCH was purified
similarly to DCH. The hairpin was precipitated using 4× volume ethanol and 25 μL PBS
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and was cooled at −20 °C for 30 min. The hairpin was recovered by centrifugation at
13 000 × g for 30 min. The pellet was rinsed 2× with 70% EtOH and 2× with 100% EtOH
and dried under reduced pressure. The pellet was resuspended with 500 μL PBS and was
dialyzed against PBS using a Slide-a-Lyzer 2 kDa MW cutoff dialysis cassette (Pierce)
for 6 h to remove unreacted propargyl-folate. The retained solution was collected and
quantified via UV–vis spectroscopy, with a final yield of 53%.
Doxorubicin–DNA Conjugate Ratio Measurements
DNA samples were prepared to 10 μM in dH2O and absorbencies were measured from
200 to 800 nm using a Beckman Coulter DU800 spectrophotometer. A standard curve of
Dox was established between 1 μM and 10 μM by using absorbance at 494 nm. To assess
the amount of Dox covalently bound to DNA, the samples were heated to 85 °C before
measuring the absorbance at 494 nm. The 260 nm wavelength was used to determine the
DNA content in the sample and to determine the Dox:DNA ratio.
Mass Spectrometry
Negative ion mass spectra were acquired using a Waters Q-TOF API-US mass
spectrometer equipped with an Advion Nanomate source. Samples were diluted to about
5 μM with methanol/water/2-propanol (49:49:2, v:v:v). Backing pressure and sprayer
voltage were optimized for each analysis, but were usually about 0.8 psi and 1.2 kV,
respectively. The cone voltage was 35 V. The scan range from 525 m/z to 1600 m/z with
an acquisition time of 1.2 s. Spectra were summed for 0.5 min for MaxEnt transform. The
nucleotide GCATCCTGGAAAGCTACCTT, M– = 6366.1, at 0.6 μM was used to
monitor instrument performance. Spectra were analyzed using MassLynx 4.0.
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NMR Spectroscopy
NMR samples were prepared in 50 mM sodium phosphate buffer, pH 7.0, with 10%
D2O, and a final volume of 250 μL. All NMR spectra were acquired using a Bruker
Avance 600 MHz spectrometer at 10 °C using a TXI Cryoprobe. NOESY spectra were
acquired with a 100 ms mixing time and 3–9–19 Watergate water suppression with a 220
μs interpulse delay. HSQC spectra were acquired using a 110 μs 3–9–19 interpulse delay
and the 15N transmitter set to 150 ppm for imino groups and to 75 ppm for amino groups
(indirectly referenced to water at 4.7 ppm). Data were processed using NMRPipe(17) and
analyzed using NMRView.(18)
3D Modeling of DCH
A PDB file of the hairpin molecule was obtained from the Protein Data Base under entry
1JVE.(19) A PDB file of Dox was obtained from the Protein Data Base under entry
DM2. Files were loaded into Pymol,(20) and the hairpin was modified to contain only 5′ACGAAGT-3′. The models were then manipulated spatially to allow for a covalent bond
to form between the N2 amino of G12 and the daunosamine of Dox. Hydrogens were
added to the entire model using the Molefacture plugin vmd.(21) The doxorubicin was
then geometry optimized in the presence of the DNA using PM6(22) as implemented in
Gaussian 09.(23)
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Dox Transfer from DCH
Samples of 2.5 μM (approximately 2 μg in 100uL) DCH, doxorubicin, or
hairpin+doxorubicin were prepared in DPBS with or without a 100-fold by weight (200
μg) excess of Salmon Sperm DNA and incubated at 37 °C. Fluorescence intensity was
determined by Typhoon-9210 variable mode imager with excitation set to 532 nm and the
emission filter at 610 nm.
Acid Dissociation of Dox from DCH
DCH was suspended in either pH 7.4 PBS or pH 4 PBS buffer and incubated at 37 °C for
1 h. After incubation, the solutions were extracted with 2× volume phenol/chloroform
and twice with 2× volume chloroform. The absorbance of the aqueous phase at 498 nm
was measured. The experiment was repeated in triplicate. The results were normalized to
the pH 7.4 sample with error bars representing the standard deviation of the mean of the
three replicates.
Microscopy
4T1 cells were seeded at 20 000 cells/well in 8-well Lab-Tek II chambered #1.5 German
Coverglass System (Thermo Fisher Scientific, Waltham, MA), and incubated at 37 °C
under 5% CO2 for 24 h prior to treatment. Cells were incubated with 1 μM of DCH, FADCH, or Dox in DMEM medium with 10% dialyzed fetal bovine serum for either 1 or 4
h at 37 °C. Cells were then washed with fresh media and Dulbecco’s PBS. Cells were
visualized using a Zeiss LSM510 confocal microscope (Carl Zeiss, Oberkochen,
Germany) using Dox as the fluorescent probe. Internalization of Dox was quantified
using ImageJ software with at least 30 observations per treatment. Fluorescence intensity
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values were then converted to % controls using nontreated cells. The mean of the
intensities was found and standard deviation was determined. Significance was
determined using a two-tailed Student’s t test.
Cytotoxicity
4T1 cells were grown in DMEM media containing 10% dialyzed FBS and 1%
penicillin/streptomycin, at 37 °C and 5% CO2. 4T1 cells were plated at 5000 cell per well
in 96 well plates in 100 μL media and incubated for 24 h. Cells were treated with 200 nM
of either DCH, Dox, or FA-DCH for 72 h with 4 replicates of each treatment used to
determine means and standard deviation. CellTiter-Glo luminescent cell viability assay
(Promega) was implemented according to the manufacturer’s protocol. Significance was
determined using a two-tailed Student’s t test.
II.4 Discussion
DNA is central to biology as the predominant carrier of genetic information; however, the
physical and chemical properties of DNA make it highly useful as a material for
numerous applications including use for drug delivery. These studies have demonstrated
that a simple DNA hairpin that includes a “GAA” hairpin-promoting sequence provides a
unique site for conjugation with the Top2-poisoning anticancer drug Dox. Conjugation
occurs without disrupting stabilizing hydrogen bonding or base stacking interactions in
the hairpin loop and allows for facile intercalation of the tetracene ring system of Dox
between the first and second base pairs of the hairpin stem. The concurrent covalent
linkage and intercalation of Dox in the hairpin results in formation of a complex that is
highly stable at physiological pH. As noncovalent Dox–DNA complexes, presumably of
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greatly reduced chemical stability relative to the Dox-conjugated DNA hairpin described
here have shown decreased toxicity relative to free Dox in human clinical trials,(9)
hairpin conjugates may represent an improved approach for limiting Dox toxicity while
preserving Dox efficacy.
A number of approaches have been described for improved Dox delivery while limiting
systemic toxicities. The liposomal formulation Doxil, for example, has demonstrated
clinical utility.(27) A variety of other nanoparticle-mediated drug delivery approaches
have also been explored for improved Dox delivery.(28-30) DNA offers many
advantages relative to alternative strategies. DNA is readily biodegradable and can be
used for in vivo applications without activating an immune response. Further, the use of
DNA for drug delivery allows for natural combination of diverse anticancer drugs of
different classes. For example, our laboratory has pioneered the inclusion of cytotoxic
nucleotide analogs into ssDNA(4, 5) and more recently into DNA hairpins.(6, 7) We have
also shown that duplex or hairpin DNA can be used for delivery of minor groove binding
ligands.(6, 7) The present studies have extended this work to include covalent
modification of DNA hairpins with simultaneous intercalation by DNA-targeting drugs,
such as the Top2 poison Dox. Our studies have also shown that the major groove of DNA
can be used for improved drug delivery as our studies have shown that Zn2+
complexation occurs in the major groove of FdU-substituted DNA hairpins.
Drug delivery is a multifaceted process that involves not only improved stability in
circulation, but also specific uptake into targeted cells and ultimately release of drug
following cell uptake. Our studies show that, as with previous studies with the singlestranded DNA F10, conjugation with folic acid improves uptake into targeted cancer
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cells.(25) Many cancer cells overexpress folate receptor as a consequence of increased
nutrient requirements to support an elevated growth rate for the malignant phenotype.(31)
These studies show cell uptake of a 25 nucleotide DNA hairpin can be significantly
enhanced into 4T1 breast cancer cells through folic acid conjugation. Importantly, while
the Dox-conjugated hairpin is highly stable at physiological pH, Dox release is favored at
the acidic pH of endosomes following cell uptake. Dox is efficiently released from the
hairpin following cell uptake and Dox retains potency as an anticancer drug. The results
demonstrate that the DNA-conjugation strategy developed has the requisite components
to be useful for Dox delivery in a clinical setting.
To our knowledge, this is the first report of the use of a Dox–DNA covalent conjugate to
transfer Dox to DNA for potential therapeutic applications. The approach adopted has
potential for greatly expanded drug delivery applications. For example, we have
previously shown that FdU nucleotides can be embedded within this hairpin sequence
and that the resulting hairpin is cytotoxic to prostate cancer cells.(6, 7) As DNA polymers
containing FdU nucleotides are Top1 poisons, the present system allows for creating
complexes that deliver both FdU and Dox and that will simultaneously target Top1 and
Top2. Simultaneous targeting of Top1 and Top2 has shown promise for clinical
management of cancer, although this combination displays systemic toxicities.(32, 33)
Our studies show that folic acid conjugation can be used to improve uptake for DNA
hairpin conjugates into breast cancer cells, and this is expected to concomitantly reduce
systemic toxicities. Studies are underway to evaluate these promising concepts in drug
delivery. Future studies will focus on demonstrating advantages in cellular and animal
models of cancer.
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II.5 Conclusions:
The “GAA” sequence motif that promotes intramolecular DNA hairpin formation can be
selectively conjugated to the Top2-poisoning anticancer drug Dox. The resulting
conjugate is highly stable at physiological pH as a consequence of both covalent
modification and intercalation of the tetracene ring system of Dox into the hairpin stem.
Folic acid conjugation of the Dox-conjugated hairpin enhances uptake by 4T1 breast
cancer cells. Dox is efficiently released at the acidic pH of endosomes following cell
uptake demonstrating that the Dox-conjugated hairpin has both appropriate extracellular
stability and intracellular lability well-suited for drug delivery applications. The DNA
hairpin structural motif permits further development by inclusion of additional or
alternative cytotoxic drugs, such as FdU or other cytotoxic nucleotide analogs
demonstrating the multifunctional properties of DNA as a material for drug delivery
science.
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II.6 Supporting Information:

Supplementary Figure 1: NOESY spectra of DDH showing cross peaks to the G15-NH
proton that only appear in spectra where the hairpin has been reacted with Dox. Green
lines denote cross peaks between the guanine bases and Dox. The vertical axis has been
folded 12 PPM.

Supplementary Figure 3: After breif incubation at low pH approximating late endosomes
nearly 20% of Dox can be extracted from the DCh when compared to the physiological
pH 7.4
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Supplementary Figure 2: Fluorescence microscopy of 4T1 cells after 1 hour treatment
with DDH-FA shows endosomal localization of Dox.
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III.1 Abstract:
Aims: To evaluate the potential use of zinc chelation for prostate cancer therapy using a
new liposomal formulation of the zinc chelator, N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN).
Materials & methods: TPEN was encapsulated in non-targeted liposomes or liposomes
displaying an aptamer to target prostate cancer cells overexpression prostate-specific
membrane antigen (PSMA). The prostate cancer selectivity and therapeutic efficacy of
liposomal (targeted and non-targeted) and free TPEN was evaluated in vitro and in tumor
bearing mice.
Results & conclusions: TPEN chelates zinc and results in ROS imbalance leading to cell
death. Delivery of TPEN using aptamer-targeted liposomes results in specific delivery to
targeted cells. In vivo experiments show that TPEN-loaded, aptamer-targeted liposomes
reduce tumor growth in a human prostate cancer xenograph model.
Key Words: Targeted Drug Delivery, Aptamer, Liposome, Prostate Cancer, Zinc
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III.2 Background
The most widely used treatment for advanced prostate cancer (PCa) is androgen
deprivation therapy, but disease that recurs is often unresponsive to repeated androgen
deprivation therapy, resulting in castration-resistant prostate cancer (CRPC). CRPC is
much more aggressive and carries a worse prognosis. Treatment of CRPC generally
includes docetaxel, a taxane which binds to and stabilizes microtubules. Nonetheless,
patients with advanced CRPC have a median survival of 9-30 months [1], in spite of
several survival-enhancing novel drugs.
Modulation of Zn2+ is a possible therapeutic strategy for PCa treatment. In the
normal prostate, Zn2+ can reduce citrate production and slow oxidative metabolism by
inhibiting m-acontinase; this process requires tightly-regulated Zn2+ homeostasis [2].
Zn2+ concentrations are reduced in PCa tissue, and they decrease further as malignancy
progresses [3]. However, supplementing PCa cells with Zn2+ induces apoptosis and
reduces levels of pro-angiogenic and metastatic cytokines, suggesting that reduced Zn2+
concentrations are vital for PCa survival and may be involved in disease progression
[4,5]. Treatment of PCa with the cell-permeable Zn2+ chelator N,N,N’,N’-Tetrakis(2pyridylmethyl)-ethylenediamine (TPEN) reduces cell viability through apoptotic
pathways, although the initiating factor(s) are unclear [6,7]. Previously, we demonstrated
that TPEN can enhance apoptosis induced by other agents [8].
One possible mechanism for TPEN is dysregulation of reactive oxygen species
(ROS) detoxification. TPEN decreases mitochondrial membrane potential and increases
superoxide concentrations in breast cancer and leukemia cell lines [9,10]. Both cell types
were also rescued from TPEN by the antioxidant N-acetyl cysteine (NAC), indicating
that oxidative stress may be involved in TPEN-induced cytotoxicity. However, the effects
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of TPEN on oxidative stress in PCa, a malignancy with high oxidative stress and tight
regulation of Zn2+ homeostasis, have not been reported previously [2,11].
Although TPEN is cytotoxic to cancer cells in vitro, it also causes neurotoxicity
that was sometimes fatal when administered systemically in mice [12]. If Zn 2+chelation
therapy is to have clinical potential, biodistribution must be restricted to malignant tissue
to minimize potential side effects. Nanoparticle-based drug delivery systems, such as
liposomes,
may reduce side effects associated with parent drugs [13]. For example, liposomes have
been used to deliver the iron chelator desferoxamine [14], complexes of radiolabeled
metals [15], and for targeted drug delivery[16,17], but liposomal formulations of TPEN
have not been previously reported. We recently reported a DNA aptamer (SZTI01) that
specifically binds to prostate-specific membrane antigen (PSMA) [18]. Aptamers are
DNA or RNA oligonucleotides that can be used to specifically bind to cellular targets.
Unlike other targeting strategies such as antibodies or small molecules, aptamers have the
advantages of non-immunogenicity and scaling [19]. PSMA is a dimeric folate hydrolase
expressed in prostate epithelia and proximal kidney tubules and is also upregulated in
PCa [20]. Importantly for treating CRPC, PSMA is highly expressed in over 50% of
recurrent cases of PCa, including nearly all metastases to lymph nodes and bone [21].
Our laboratory has demonstrated specific delivery of doxorubicin to PSMA+ C4-2 PCa
cells using the SZTI01 aptamer and, in these studies, we investigate the potential of the
SZTI01 aptamer for selective delivery of liposomal TPEN to PCa cells as a potential new
approach for targeted therapy of CRPC.
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Herein we describe the synthesis and efficacy of a novel targeted liposome which
can selectively deliver TPEN to PSMA+ cells using the SZTI01 DNA aptamer. Once
internalized by targeted PCa cells, liposomes release TPEN, which chelates Zn2+ and
results in increased ROS levels leading to cell death. The targeted, TPEN-loaded
liposomes enable killing of targeted PCa cells under treatment conditions where free
TPEN is ineffective. Targeted liposomes are also non-toxic to non-targeted cells under
these same conditions. We demonstrate that TPEN induces oxidative stress in PCa cells,
which has not been previously reported. Cells can be rescued from TPEN by antioxidants or Zn2+/Cu2+ salts. Additionally, we demonstrate that targeted liposomes loaded
with a fluorescent dye preferentially localize to C4-2 tumors, consistent with active
targeting. Targeting of TPEN via aptamer-targeted liposomes provides an opportunity to
use Zn2+ chelation as a treatment for advanced CRPC, where traditional chemotherapy is
ineffective.

III.3 Methods:
Hydrogenated

Soy

phosphatidylcholine

(HSPC),

1,2-distearoyl-sn-Glycero-3-

Phosphoethanolamine-N-[Methoxy(polyethyleneglycol)-2000]

(PEG2000

PE),

and

Maleimide-terminated PEG2000 PE (M-PEG2000 PE) were obtained from Avanti Lipids
as powders and dissolved in 3:1 Chloroform:Methanol and stored at -20°C until used.
Dithiol/Quasar 670 terminated DNA was synthesized by the Wake Forest University
DNA Core Lab. Tris(2-carboxyethyl)phosphine (TCEP) was obtained from Santa Cruz
Biotech. Manganese (III) Tetrakis (4-Benzoic Acid) Porphyrin chloride (MnTBAP) was
obtained by Santa Cruz BioTech. All chemicals used in TPEN synthesis were obtained
from Sigma Aldrich.
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Cell Maintenance:
C4-2 cells were a gift from Dr. Elizabeth M. Wilson (UNC, Chapel Hill, NC).
PC3 cells were purchased from the cell and viral vector core laboratory at Wake Forest
School of Medicine. All cells were maintained with RPMI 1640 (Gibco, Grand Island,
NY) with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA). All
cells were kept at 5% CO2 at 37 °C.
Synthesis of Tetrakis-(2-Pyridylmethyl)ethylenediamine (TPEN):
The procedure used for synthesis of

TPEN was modified from a previous

publication [22]. Deionized water (10mL) was cooled to 4°C and degassed with Argon
for 30 min and stirred with a magnetic stir bar. 1 g (.006mol) 2-chloromethyl-pyridine
was added, followed by additional argon degassing for 10 min. Ethylene diamine (102
µL, .0015 mol) was mixed with 1 mL water and added over 10 min to the stirring
solution. 1.2mL of 10M NaOH was dissolved in 10 mL water and added dropwise over
30 min which produced a brown-red by-product that initially dissipated but that persisted
after approximately 50% of the base had been added. After NaOH addition was complete,
the reaction was warmed to room temperature while being degassed with Argon. The
reaction vessel was sealed and heated to 40 °C overnight. The reaction was extracted 3x
with 20 mL chloroform. The organic phase was washed 3x with brine and dried over
MgSO4. The organic phase was filtered and solvent was removed by rotary evaporation.
The resulting brown oil was diluted with minimal chloroform (generally less 0.5 mL),
and precipitated with hexane. The solution was then refrigerated at 4 °C for 1 h resulting
in a dark precipitate. The target compound was present in the milky organic phase and
was dried, dissolved in chloroform, and recrystallized using hexane.
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Formation of Liposomes:
Lipid films were formed by mixing HSPC, Cholesterol, PEG2000 PE, and MPEG2000 PE in a 2: 1: 0.08: 0.02 molar ratio. Chloroform and methanol were removed
by rotary evaporation under reduced pressure. Lipid films were further dried under an
Argon stream for 30 min. Liposomes were formed by reconstituting lipid films with
1.5mL of a 50 mM pH 5.5 citrate buffer that contained 5% dextrose and 1mM TPEN at
55°C. 10 mg/mL 70kDa FITC-Dextran or 100 nM IRDYE 800CW were included in the
buffer for select fluorescence microscopy studies. The suspension was pipetted
thoroughly until a cloudy solution formed. The liposomes were then sonicated at 37 °C
for 5 min, which resulted in a slight clearing of the liposome solution. The liposomes
were then extruded through a 0.2 µm syringe filter. Finally, liposomes were purified
using 100 kDa Amicon centrifugal filtration devices. Solutions were spun at 2000 xg for
15 m, or until 90% of the solution had passed through the filter. The filtrate was
resuspended with 50 mM citrate buffer pH 5.5 with 5% dextrose. This process was
repeated twice to ensure no free TPEN or dye remained in solution. This same process
was used to purify fluorescent liposomes as well, which results in the removal of all
molecules not contained in the liposomes.

Aptamer Targeting of Liposomes:
Aptamers were synthesized by The Wake Forest University DNA Core Lab with
3’ terminal dithiols and 5’ terminal Quasar 670 dye (Biosearch Technologies). Aptamers
were folded by heating a 500 µM solution of DNA to 95 °C for 5 min and slow
sequential cooling to 80 °C for 5 min, 70 °C for 10 min, 37 °C for 30 min, 23 °C for 1 h,
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and 4 °C for at least 1 h. The dithiol was reduced by adding a 10x excess of TCEP in 50
mM TRIS Buffer (pH 7.4) and incubating for 30 min before adding to a solution of
liposome (2x excess of activated aptamer versus M-PEG2000 PE used to form
liposomes). The reaction proceeded overnight prior to purifying the liposomes as
described above.
Characterization of Liposomes:
TPEN loading into liposomes was determined by preparing a standard curve of
absorbance at 260 nm. Liposomes were diluted 1:10 in methanol and sonicated 5 min
before measuring the absorbance at 260 nm. The concentration of TPEN in liposomes
was then determined by comparing the absorbance to the standard curve, which was also
obtained in 90% methanol. Aptamer concentration was determined in a similar fashion,
except the absorbance at 630 nm, the maximum absorbance of Quasar 670, and the
extinction coefficient of the dye were used to determine the concentration of aptamers
bound to liposomes. Liposome size was measured with a Malvern Zetasizer ZS90
(Malvern Instruments, Malvern, UK), and data was analysed using Malvern software. A
Nanosight NS500 (Nanosight, Salsbury, UK) and nanotracking analysis software
provided by Nanosight was used to determine both liposome size and the number of
liposomes produced. Transmission electron microscopy (TEM) images of liposomes were
acquired using a FEI Tecnai-Spirit TEM (FEI, Hillsboro OR, USA) using a
phosphotungstic acid counterstain. A small drop of liposome containing 2%
phosphotungstic acid as counterstain was placed on a formvar plate and allowed to rest
for 2 min. The remaining liquid was wicked away, and the plate was allowed to dry
completely before imaging.
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Fluorescence microscopy:
For all microscopy experiments, cells were seeded at 35,000 cells/well in 8-well
Lab-Tek II chambered #1.5 German Coverglass System (Thermo Fisher Scientific,
Waltham, MA), and incubated at 37 °C under 5% CO2 for 24 h For targeted liposomes,
cells were incubated with 5 μM (as measured by aptamer concentration) of aptamertargeted liposome (Ap-Lip) that contained FITC dye as well as TPEN, in RPMI medium
with 10% fetal bovine serum for 2 h at 37 °C. For all microscopy experiments, cells were
washed after incubation with dyes using fresh media and Dulbecco’s PBS prior to
imaging. Cells were visualized using a Zeiss LSM510 confocal microscope (Carl Zeiss,
Oberkochen, Germany). For studies with dichloro-dihydro-fluorescein diacetate (DCFH),
cells were treated with 8 µM TPEN for 6 h prior to addition of 50 nM of the dye. The
cells were allowed to incubate for 30 min before imaging. Experiments utilizing Bodipy
C11 (5 µM) (Invitrogen), and Mitotracker green (100 nM) (Invitrogen) were performed
in a similar manner to methods used for DCFH, but were treated for 7 h with TPEN prior
to imaging.
Liposome cytotoxicity assays:
PC3 and C4-2 cells were seeded at a density of 5,000 cells/well in 96-well plates
and incubated at 37 °C under 5% CO2. The following day, cells were treated with
aptamer-targeted liposomes, non-targeted liposomes, or TPEN, at equivalent levels of
TPEN. After 4 h, the media was removed, cells were washed with media, and fresh media
was added to the cells incubated for 68 h. For co-culture, 2,500 C4-2 luciferaseexpressing cells were plated with 2,500 PC3 cells and treated as described above. For
aptamer competition experiments, 25 µM aptamer was added to each well before adding
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either aptamer-targeted or non-targeted liposomes. In Zn2+ rescue experiments, twice the
molar amount of ZnSO4 was added concurrently with the drugs being tested. For PC3
cells, viability was assessed indirectly by measuring the ATP levels using CellTiter-Glo
luminescent cell viability assay (Promega). Because the C4-2 cells expressed luciferase,
the luciferase-Glo assay (Promega) was used to determine viability, as was done in our
previous publication [8]. Statistical significance for in vitro studies was determined by
using Student’s t-test, with significance indicated at either p < 0.01 or p < 0.05. All
experiments were performed in triplicate.

TPEN cytotoxicity rescue experiments:
For rescue with NAC and MnTBAP, PC3 and C4-2 cells were seeded at a density
of 5,000 cells/well in 96-well plates and incubated at 37 °C under 5% CO2. The following
day, cells were treated with either NAC or MnTBAP 1 hour prior to TPEN treatment.
Eight h after treatment, the drug was removed and fresh media was added to the cells.
The cells were allowed to grow for 72 h before viability was assayed using a Cell-titer
glo assay kit. For metal ion rescue experiments, PC3 and C4-2 cells were cultured in an
identical manner and allowed to incubate overnight. The following day, cells were treated
with 8 µM TPEN and 16 µM of either ZnSO4 or CuSO4 was added at the indicated time.
At the end of 8 h, media containing drugs and metal ion salts was removed and replaced
with fresh media. The cells were incubated for 72 h before viability was measured using a
Cell-titer glo assay kit. Statistical significance for in vitro studies was determined by
using Student’s t-test, with significance indicated at either p < 0.01 or p < 0.05. All
experiments were performed in triplicate.
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In Vivo Experiments:
In vivo studies were approved by the Institutional Animal Care and Use
Committee at WFSM. All animal experiments at our institution are regulated by and
conform to requirements of the U.S. Public Health Service Policy on the Humane Care
and Use of Laboratory Animals, the National Research Council’s Guide for the Care and
Use of Laboratory Animals, and the U.S. Department of Agriculture’s Animal Welfare
Act & Regulations.
For fluorescent biodistribution studies, liposomes were synthesized as described
above, with the inclusion of 25 nmol of IRDYE 800CW per mouse. Eight mice were
injected with 2x106 C4-2 cells on the right flank in 200 µL of Matrigel®. Studies were
initiated when tumors reached 100 mm3. Four mice were then injected with a single dose
of 4 mg/kg TPEN via dye labeled liposomes while four received 25 nmol of free dye and
an equivalent dose of TPEN. After 48 h, mice were sacrificed and organs and tumors
were imaged using a Li-Cor Perl Trilogy imaging system (Li-Cor).
A second imaging study was performed with 3 mice injected with 2x106 C4-2
cells on the right flank and 2x106 PC3 cells on the left flank, both in 200 µL of Matrigel®.
Studies were initiated when tumors reached 100 mm3. Mice were then injected with a
single dose of 4 mg/kg TPEN via labeled liposomes and sacrificed after 48 h for tumor
excision and imaging.
For efficacy studies, Male nude mice were implanted with permanent jugular vein
catheters for drug delivery. After 2 weeks of recovery from the surgery, mice were
injected with 2x106 C4-2 cells on the right flank and 2x106 PC3 cells on the left flank,
both in 200 µL of Matrigel®. Studies were initiated when tumors reached 100 mm3. Six
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mice per group were injected twice weekly with liposomes that resulted in a dosage of 4
mg/kg of TPEN (general injection volume ≈200-250 µL, depending on batch-to-batch
variability) for 30 days. Tumors size and animal weight were measured concurrently with
drug treatments. For in vivo studies, statistical significance was determined using a twoway repeated measures analysis of covariance (ANCOVA) model, with significance at p
< 0.05.

III.4 Results:
TPEN induces oxidative stress and mitochondrial damage in PCa cells
We investigated whether TPEN induced oxidative damage in PCa cells using
BODIPY C11, an ROS-sensitive dye that changes emission from ≈590 nm to ≈511 nm
upon oxidation (Figure 1a). PCa cells treated with TPEN for 7 h showed a large increase
in green fluorescence consistent with ROS-mediated damage, indicating TPEN increases
oxidative stress. Cells treated with TPEN also showed an increase in DCHF fluorescence.
DCHF is a sensor for peroxynitrite and other oxidative species, and was used as an
additional sensor of oxidative stress [23] (Figure 1b). To evaluate changes in
mitochondrial morphology due to TPEN treatment, PCa cells were stained with the
mitochondrial-specific dye MitoTracker® Green. In contrast to untreated PC3 cells in
which mitochondria are localized near the nucleus, mitochondria in TPEN-treated PC3
cells delocalize and form large, punctate aggregates. C4-2 mitochondria do not
demonstrate an altered size, but do display altered distribution in the cell upon treatment
with TPEN (Figure 1c, Supplementary Figure 1). Further, PCa cells treated with TPEN
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showed altered morphology, including large membrane blebs and increased granularity
consistent with apoptosis.

TPEN-mediated damage rapidly becomes irreversible in PCa cells
Because TPEN has a high affinity for both Zn2+ and Cu2+, we investigated at what
time PCa cells could no longer be rescued from TPEN with Zn2+ or Cu2+. Inability to
rescue TPEN cytotoxicity with exogenous Zn2+/Cu2+ could signify irreversible cellular
damage. Both Zn2+ (Figure 2a) and Cu2+ (Figure 2b) could completely rescue both cell
lines up to 3 h after treatment with 8µM TPEN, with decreasing ability to rescue at 5 h
and with minimal rescue at 7 h. These results demonstrate that TPEN initiates cell death
within 3 h and irreversible cellular damage occurs within 7 h.
Mechanistically, cellular damage induced by high levels of ROS may partially
explain this short window in which cells can be rescued from Zn2+ chelation via TPEN.
Treating PCa cells with the ROS scavenger NAC 1 hour before, or concurrent with TPEN
treatment (8h treatment followed by 64h in drug-free medium), significantly reduced
TPEN cytotoxicity (Figure 2C). TPEN may increase oxidative stress and induce
cytotoxicity through inhibiting Cu2+-/Zn2+-dependent

proteins such as the ROS-

detoxifying enzyme superoxide dismutase 1 (SOD1). Consistent with this, treatment with
MnTBAP, a putative SOD1 mimetic and peroxynitrite scavenger, or NAC, 1 hour before
TPEN treatment rescued cells from TPEN (Figure 2d) [24,25]. However, neither NAC
nor MnTBAP completely rescued either cell line, consistent with alternative Zn2+/Cu2+
chelation effects also being exerted by TPEN.
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Characterization of SZTI01 Targeted TPEN Liposomes
We hypothesized that encapsulation of TPEN in liposomes that target PSMA
could be used to selectively deliver TPEN to PSMA+ PCa cells. We developed a
liposomal formulation of TPEN that incorporates the PSMA-specific SZTI01 aptamer.
Liposomes were washed extensively using an Amicon centrifugal filter to remove free
TPEN. Because TPEN absorbs at 260 nm, the A260 of the final wash was measured to
demonstrate the liposome solutions did not contain free TPEN (Supplementary Figure
2d). Dialysis of liposomes at 37°C against phosphate buffered saline (PBS) showed that
TPEN was half-life of ≈ 8 h under these conditions (Supplementary Figure 2b). The
content of TPEN in purified liposomes was calculated by measuring the A260 of a solution
after liposome dissolution relative to a standard curve of TPEN absorbance
(Supplementary Figure 2a). The loading efficiency of TPEN was generally ≥10%; i.e.
using 1mL of a 1mM TPEN solution yields 1 mL of 100 µM of liposomal TPEN after
purification. However, when TPEN concentration in the buffer was increased beyond
1mM, liposomes failed to form. A general scheme of liposome formation is depicted in
Supplemental Figure 3.
The average diameter of liposomes was 109 + 1.0 nm by DLS (Figure 3a), and
97.2 + 9.3nm by NTA (Figure 3b). Liposomes prepared using 1mM TPEN were
spherical (Figure 3c), with a slightly negative zeta potential, -37 mV (Figure 3d). In
order to assess the stability of TPEN-loaded liposomes over time, liposomes were
dialyzed against PBS at 37 °C between 0-48 h and the liposome size was followed by
DLS. The average diameter of liposomes was relatively unchanged over 48 h of
incubation, with an average size of 146.8nm for un-dialyzed liposomes, and 138.7 nm
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after 48 h, however the size distribution of the particles does shift to smaller particles at
times greater than 4 h (Supplemental figure 4). We estimated the number of liposomes
in our preparations using NTA, with approximately 350 billion liposomes in a typical
preparation. For liposomes formed with Quasar 670 modified aptamers, dye absorbance
was also quantified and was used to determine the number of aptamers attached to each
liposome using Beer’s law. This was divided by the number of particles counted with
NTA. The number of aptamers per liposome was typically ≈100.

Specificity of SZTI01-Targeted TPEN Liposomes:
We have previously demonstrated that the SZTI01 aptamer can specifically
deliver doxorubicin to PSMA+ PCa cells [18], an approach that resulted in reduced
cytotoxicity to non-targeted cells. However the ability of SZTI01 to deliver larger
particles, such as liposomes, has not been evaluated. We prepared liposomes conjugated
with the SZTI01 aptamer, and followed binding of the aptamer-liposome complex to
prostate cancer cells that differed in PSMA expression. The aptamer-targeted liposomes
included a Quasar670 dye covalently bound to the aptamer, and liposomes were loaded
with FITC-dextran to track delivery of the liposomal cargo to cells. We used PSMA+ C42 as our targeted cells and PSMA- PC3 as non-targeted controls, as in our previous
studies [18]. After 1 h treatment, confocal microscopy revealed a marked difference in
binding and cargo delivery between C4-2 cells, which displayed strong uptake, and PC3
cells, which displayed minimal binding and cargo delivery (Figure 4). Additionally, nontargeted liposomes demonstrated little to no FITC delivery to either PC3 or C4-2 cells.
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These data demonstrate that aptamer-targeted liposomes bind and deliver liposomal cargo
selectively to PSMA+ cells.
To demonstrate that selective delivery translated into target-specific cell killing,
C4-2 and PC3 cells were treated with: i) aptamer-targeted liposomes; ii) non-targeted
liposomes; or iii) free TPEN. Cells were also treated with liposomes that contained no
drug, which resulted in no significant difference from control cells (not shown). Because
of this, only treatments that contained TPEN were tested exhaustively. All treatments
delivered equal amounts of TPEN (normalized to 5µM free TPEN concentration). Our
previous studies showed C4-2 and PC3 cells were equally sensitive to TPEN following
72h treatment while a 3-hour treatment with 5 µM free TPEN was non-toxic to both cell
lines [8]. PSMA+ C4-2 cells, but not PC3 cells, displayed significantly reduced viability
upon treatment with aptamer-targeted liposomes. Non-targeted liposomes and free TPEN
had lesser effects, comparable to untreated controls, in both cell lines (Figure 5a). The
specificity of aptamer-targeted liposomes was maintained when C4-2 and PC3 cells were
co-cultured, indicating the robustness of our targeting approach (Figure 5b). Further,
adding exogenous aptamer to C4-2 cells treated with aptamer-targeted liposomes reduced
cytotoxicity by 30% (Figure 5c), consistent with an aptamer-mediated targeting effect.
These results show that our aptamer-targeted liposomes can selectively kill targeted
PSMA+ PCa cells at concentrations that leave non-targeted cells unaffected. Such
selective targeting may reduce the risk of neurotoxicity associated with TPEN treatment
in vivo.
To confirm that the cytotoxic mechanism for TPEN was not altered by liposomal
delivery, C4-2 cells were co-treated for 3 h with exogenous Zn2+ and aptamer-targeted
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liposomes at 5 uM TPEN, which was shown to be the point at which cells respond to
TPEN in our previous publication. Addition of TPEN beyond 5 uM does not enhance
cytotoxicity, with exposure time playing a larger role. Cytotoxicity of aptamer-targeted
liposomes was completely rescued by exogenous Zn2+ (Figure 6a), demonstrating that
aptamer-targeted liposomes induce cell death via Zn2+ chelation selectively in PSMA+
cells. Additionally, when C4-2 cells were treated with either aptamer-targeted liposomes,
non-targeted liposomes, or free TPEN for 2 h, only cells treated with aptamer-targeted
liposomes containing TPEN showed signs of oxidative damage when imaged with
BODIPY (Figure 6b), consistent with aptamer-targeted liposomes causing oxidative
damage. C4-2 cells treated with aptamer-targeted liposomes could also be rescued by cotreating the cells with the anti-oxidants MnTBAP or NAC (Figure 6c).

In vivo Targeting and Efficacy of SZTI01-Targeted TPEN Liposomes
We first sought to determine if liposomal delivery had an effect on the
accumulation of a near IR dye, IR Dye800CW, in organs and tumors compared to free
dye. For all imaging studies liposomes were formed with both the dye as well as TPEN.
Mice that received dye delivered via liposomes displayed higher fluorescence in tumors,
kidney, spleen, and liver than mice dosed with free dye (Figure 7a-c), 48 h after
injection. Organs and tumors from mice injected with free dye had no fluorescent signal
after 48 h, consistent with rapid clearance of the small molecule via the kidneys. We then
designed a follow up experiment to examine possible toxicity associated with TPEN and
liposomal TPEN. Mice were treated with either TPEN, or liposomal TPEN. After 48 h,
mice were sacrificed and the livers were examined for potential toxicity (Figure 7e).
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Interestingly, mice treated with TPEN-loaded liposomes showed no visible signs of
toxicity, while livers of mice treated with free TPEN show lipid accumulation, consistent
with free TPEN causing acute hepatotoxicity. Liposomal delivery may ameliorate this
effect.
After establishing that our liposomes altered tissue retention and potential side
effects of TPEN, we tested if dye delivered via aptamer-targeted liposomes partitioned
preferentially to C4-2 or PC3 tumors in the same animal. Mice were injected with either
free dye or dye loaded into targeted liposomes. After 48 h, mice were sacrificed and
tumors were excised for imaging. Tumors from mice that received liposomal dye showed
fluorescence in both tumors, with greater fluorescence in the targeted C4-2 tumors
(Figure 7d), demonstrating that our aptamer-targeted liposomes deliver their payload to
tumors and preferentially to targeted C4-2 tumors.
For in vivo efficacy studies, we utilized a double xenograft model in male nude
mice, where each mouse had both a PSMA+ C4-2 tumor and PSMA- PC3 tumor
established on opposite flanks. Mice were also implanted with permanent jugular vein
catheters, to allow more consistent drug delivery and mimic how patients often receive
treatment. We then sought to determine if our targeted liposomes displayed selective
efficacy for targeted tumors. Tumors were measured and drugs administered twice per
week for 5 weeks. This dosing regimen was chosen to maximize the drug given to mice
without requiring high levels of TPEN in a single dose which might be toxic. After 30
days, group-by-time analysis indicated that both treated C4-2 and PC3 tumors were
statistically different from untreated tumors (p= 0.0008 and p = 0.009). Treatment with
aptamer-targeted liposomes reduced C4-2 tumor growth by 51% compared to untreated
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controls (80.3% vs 163% change in tumor volume for aptamer-targeted liposomes vs
control after 30 days; Figure 8a). In contrast, treatment of PC3 tumors with aptamertargeted liposomes reduced tumors by only 33% compared to untreated controls (87% vs
130.2% change in tumor volume for aptamer-targeted liposomes vs control after 30 days;
Figure 8b). These data demonstrate that SZTI01-targeted liposomes increase the
specificity and therapeutic efficacy of the Zn2+ chelator TPEN for treatment of PSMA+
tumors versus non-targeted tumors. Targeted delivery resulted in reduced tumor growth
compared to controls, with no adverse events or weight loss in treated animals.

III.5 Discussion:
Zn2+ plays a key role in the development and progression of PCa [2,3,26]. Either
removal or addition of Zn2+ to PCa cells can result in cell death, with apoptosis being
attributed as the mode of cell death induced by Zn2+ chelation. TPEN, a zinc chelator, is
cytotoxic to multiple cell types including PCa, and causes caspase activation and XIAP
degradation within 3 h of administration [6,27,28]. Recent studies from our lab also
showed that TPEN enhanced the cytotoxicity of other drugs [8]. Oxidative damage has
been reported to play a role in TPEN-induced cell death, but this has not been previously
investigated in PCa [10,11]. Modulation of oxidative stress is emerging as an anticancer
strategy, and PCa cells may be sensitive to agents that induce oxidative stress [29,30]. In
the present study, we demonstrate that TPEN is highly cytotoxic to PCa cells by causing
oxidative stress and have developed a targeted liposomal delivery system to harness the
potential of Zn2+-chelation therapy for selective PCa treatment while minimizing
systemic toxicities. Our aptamer-targeted liposomes have potential to localize to PSMA+
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tumor cells in vivo by both passive targeting, through the enhanced permeability and
retention effect, and by active targeting with the SZTI aptamer.
We, and others, have reported TPEN cytotoxicity in PCa and colon cancer cells
requires a threshold dose, with virtually no cytotoxicity below 4 µM and essentially
complete cytotoxicity with 5 µM treatment, but these effects were highly time-dependent
[8,31]. To develop appropriate dosing regimens, it is important to identify at what point
after treatment TPEN-mediated effects become irreversible. Here, we established that
exogenous TPEN is cytotoxic within 3 h of treatment and that Cu2+/Zn2+ is ineffective at
rescuing from the cytotoxic effects of TPEN after 8 h. This new information suggests that
TPEN rapidly causes cells to commit to apoptosis. The effects of TPEN have largely
been attributed to Zn2+ chelation, yet TPEN has higher affinity for Cu2+ than Zn2+ [32].
Our results show that Cu2+ is as effective as Zn2+ for rescue, consistent with enzyme(s)
that require both Cu2+ and Zn2+ co-factors being targets for TPEN treatment. One such
candidate is SOD1, a ROS-detoxifying enzyme that requires both Cu2+ and Zn2+ cofactors. Chelating Cu2+ and Zn2+ may reduce SOD1 activity, causing oxidative stress,
inducing apoptosis, and partially explaining why cells treated with TPEN can be rescued
with Cu2+, even h after TPEN treatment (Figure 2a,b). Consistent with this
interpretation, TPEN cytotoxicity was rescued by the anti-oxidant NAC (Figure 2c), or
by the SOD1 mimetic MnTBAP (Figure 2d). Rescue was only partial, however,
consistent with other processes also contributing to TPEN cytotoxicity. This is not
surprising, given the ubiquitous use of Cu2+ and Zn2+ as co-factors for transcription
factors and other enzymes. Zn2+ may also be directly involved in inhibiting apoptosis,
since Zn2+ depletion results in degradation of the anti-apoptotic protein XIAP [6,7].
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Our studies with oxidation-sensitive fluorescent dyes BODIPY-C11 (Figure 1a)
and DCFH (Figure 1b) established that oxidative stress is induced by TPEN, while
studies with Mitotracker Green (Figure 1) demonstrated that TPEN altered mitochondria
morphology. When treated with TPEN and BOPIDY, PCa cells displayed much more
green fluorescence than controls, indicating high levels of oxidative stress (Figure 1a).
We confirmed these results with an additional ROS-sensitive dye, DCFH (Figure 1b).
Using MitoTracker® Green, we also observed morphological changes in mitochondria
and granular bodies in cells undergoing oxidative stress due to TPEN treatment
(especially in PC3 cells; Figure 1c). These morphological changes may reflect
mitochondrial damage linked to cytochrome C release and apoptosis[33]. Although the
cause of these morphological changes are not clearly understood, these data suggest
mitochondria are stressed when cells are treated with TPEN, and this may be important
aspect of cytotoxicity due to Zn2+ chelation. These results demonstrate that TPEN induces
both oxidative stress and alterations to mitochondrial morphology consistent with
apoptosis. Importantly, the IC50 of TPEN is 2-3 fold lower in cancer cells than in noncancerous cells, indicating that there is a therapeutic window for selective cancer therapy
[31]. These data collectively implicate ROS and oxidative stress as the primary
mechanisms of TPEN cytotoxicity.
In order to deliver TPEN to cells in a manner that would reduce the risk of
toxicity we encapsulated the chelator in pegylated liposomes targeted with SZTI01
aptamer. In a neutral or basic environment, TPEN is highly hydrophobic and is insoluble
in water. We utilized a pH 5.5 citrate buffer which effectively solubilized the drug, up to
100 mM. This allowed for TPEN to be delivered via the interior of the liposome;
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however, concentrations much higher than 1 mM prevented liposome formation,
indicating that even protonated TPEN may still interact with the lipid membrane at high
concentrations. Once liposomes were formed, we assessed them for size distribution
(Figure 3a-c). NTA, DLS, and TEM all confirmed that liposomes were ≈100 nm in
diameter with few large or small outliers. The zeta potential of the liposomes was found
to be slightly negative, which is to be expected as the particles are coated with DNA
aptamers, which have a negative charge from the phosphodiester backbone. After
confirming the formation of liposomes, in order to ascertain the leakage rate we dialyzed
liposomes containing TPEN and found dialysis against PBS at 37°C showed that
approximately 50% of the contents had leaked after 8 h (Supplemental Figure 2B).
These results demonstrate that our liposomes are stable enough to carry their contents,
even lipophilic small molecules such as TPEN, for an extended period of time, and
deliver them to targeted sites. We also measured the change in diameter of liposomes
over time and found that while there was relatively little change to the average diameter,
the distribution did change slightly (Supplemental Figure 4b) to favor slightly smaller
particles. This likely is a result of larger particles precipitating out of solution. There is no
evidence of liposome fusion. These results indicate that the liposomes are stable for up to
48 h at 37 °C, making them a good candidate for in vivo use.
Zn2+ is a vital micronutrient required for many biochemical processes; its
depletion can lead to severe side effects. Administration of TPEN via tail vein injection
in mice resulted in ataxia, convulsions, and death within 20 min [12]. If Zn2+ chelation
were to be used clinically, it must be targeted to PCa cells to limit these side effects. Our
aptamer-targeted liposomes seek to address this need. Histological studies of mice treated
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with TPEN or TPEN-loaded liposomes revealed possible hepatic toxicity after a single
dose of TPEN which was ameliorated when TPEN was delivered via liposomes (Figure
7e). Mice treated with IRDYE 800CW-loaded liposomes showed more dye delivery to
the liver, kidneys, spleen and C-42 tumors when compared to mice that received free dye
(Figure 7a-c) after 48 h. These results are unsurprising, as altered accumulation and
enhanced delivery is well documented for nano-sized particles, however this can result
regardless of targeting. Our imaging study was expanded to examine if aptamer targeted
liposomes preferentially bound to PSMA+ cells over PSMA- cells, as we observed in
vitro. To test the specificity of our targeted liposomes we used a model in which two
tumors were grown on opposite flanks, one with targeted cells and one with untargeted
cells. Doing so allowed us to study if targeted liposomes had increased delivery to the
targeted tumor over the non-targeted tumor, and removed the variability that can occur
between mice. We found that, qualitatively, tumors established from C4-2 cells had
higher fluorescence than those established from PC3 cells (Figure 7d). This establishes
that SZTI01-targeted liposomes increased delivery of small molecules and preferentially
delivered their cargo to tumors established from PSMA+ expressing cells both in vitro
and in vivo, as demonstrated by our imaging studies, and reduced liver toxicity.
Additionally, delivery of TPEN via liposomes resulted in a significant reduction in tumor
size when compared to non-treated controls in both targeted and non-targeted prostate
cancer cell lines (Figure 8). We believe a combination of enhanced permeability and
retention and decreased renal clearance results in prolonged circulation time and
increased liposomal uptake in both tumors. PSMA+ tumors may attract targeted
liposomes that actively bind to the tumor and are internalized. Although in these studies
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tumors from C4-2 cells still increased in size despite treatment, our study was limited to a
single dose which caused no toxicity as measured by weight loss. A dose-escalation trial
may reveal that higher dosages are safe, and more effective at reducing tumor size.
Our study is particularly timely for men with CRPC. While a few treatments
improve survival for men with CRPC, none are curative and resistance to novel agents
inevitably ensues. There is a persistent need for novel strategies to target CRPC cells. Our
study provides opportunity to advance a novel strategy of metal chelation to be delivered
safely and effectively in men with CRPC. Among various human organs, the prostate
gland has the highest and disproportionately high levels of Zn2+ concentration. This
unique Zn2+-rich microenvironment is amenable to metal chelation strategies and our
current study is a promising step towards implementing this strategy.
To our knowledge, this is the first report of targeted Zn2+ chelation for treatment
of PCa. Our in vitro studies demonstrated that aptamer-targeted liposomes were
selectively cytotoxic to PSMA+ C4-2 cells even in the presence of co-culture with PSMAPC3 cells. We have also demonstrated that aptamer-targeted liposomal delivery of TPEN
is an effective anti-cancer strategy in vivo. Targeted liposomal delivery of TPEN
significantly reduced tumor volume for both PC3 and C4-2 tumors, consistent with the
enhanced permeability and retention effect contributing to efficacy. Targeted C4-2
tumors were, however, even more sensitive to the targeted therapy indicating that active
targeting is an independent factor contributing to therapeutic efficacy. These results are
significant given the relatively poor response achieved in clinical trials of metal chelators
such as ATN-224[34]. In light of the poor response of CRPC to conventional therapy,
Zn2+ chelation offers promise of a new approach to treatment. Our successful
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demonstration of targeted delivery indicates that this approach may overcome potential
toxicities associated with systemic administration of Zn2+ chelators and also improve
efficacy.

Figure 1: TPEN induces significant oxidative stress in PCa cells. A) Confocal
microscopy of C4-2 and PC3 cells treated with or without TPEN for 7 h and imaged with
BODIPY C11. Images denoted by i, ii, iii, or iv are phase, unoxidized BODIPY, oxidized
BODIPY, and merged images, respectively. B) Fluorescent microscopy demonstrating
increased DCFH oxidation after 6 h of TPEN treatment. C) Fluorescent microscopy of
C4-2 and PC3 cells using Mito Tracker® Green after 7 h of treatment with 8 µM TPEN.
Large granular bodies can be identified in TPEN-treated cells, which co-localize with
Mito Tracker® Green.
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Figure 2: Time-dependence of Cu2+ and Zn2+ rescue. A) Viability of PCa cells after 8
h of 8 µM TPEN treatment followed by 72 h of drug-free incubation with Zn2+ rescue at
the indicated times. B) The same as A, but with Cu2+ rescue. C) Viability of cells treated
with 8µM of TPEN for 8 h rescued with N-acetyl cysteine 1 hour before and concurrent
with TPEN. * indicates p ≤ 0.05 between TPEN-only and TPEN+N-acetyl cysteine. D)
The same as C except cells were rescued with 250µM MnTBAP. * indicates as p ≤ 0.05
between aptamer-targeted liposomes only and + Rescue. Error bars represent standard
deviations.
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Figure 3: A) Aptamer-targeted liposome sizes as determined by dynamic light scattering.
B) Aptamer-targeted liposome sizes as determined by nanoparticle tracking analysis
(NTA); red bars represent standard deviation. C) Dehydrated aptamer-targeted liposomes
imaged with transmission electron microscopy. D) Zeta potential of aptamer-targeted
liposomes.

Figure 4: Targeted cell binding and delivery of aptamer-targeted liposomes. A)
Confocal microscopy images of C4-2 and PC3 cells treated with aptamer-targeted
liposomes with FITC along with TPEN or non-targeted liposomes (right).
90

Figure 5: Selective cytotoxicity of aptamer-targeted liposomes to C4-2 cells and
rescue by exogenous targeting aptamer or exogenous Zn2+. A) Viability of C4-2 and
PC3 cells when treated with aptamer-targeted liposomes (Ap-Lip), non-targeted
liposomes (Lip), or TPEN for 3 h. *, p ≤ 0.01 between Ap-Lip and Lip treatment; #, p ≤
0.01 between C4-2 and PC3 cells treated with Ap-Lip. B) Co-culture of C4-2 and PC3
cells treated with Ap-lip or Lip only for 3 h. C) C4-2 cells treated with Ap-Lip or Ap-Lip
plus exogenous aptamer. Error bars represent standard deviation.
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Figure 6: TPEN delivered via aptamer-targeted liposomes induces cell death in a
similar manner as free TPEN. A) C4-2 cells were treated with aptamer-targeted
liposomes (Ap-lip) for 3 h were rescued by addition of zinc salts (ZnSO4). B) C4-2 cells
treated with Ap-lips display stress from reactive oxygen species after 2 h, compared to
cells treated with untargeted liposomes or free TPEN. C) C4-2 cells treated in a similar
manner with either Ap-lip, or Ap-lip + MnTBAP or N-acetyl cysteine show rescue by
antioxidants. Error bars represent standard deviation.
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Figure 7: Liposomal loading results in increased retention and reduced
hepatotoxicity. A) Ex vivo imaging of liver where FD is mice treated with free dye and
Lipo is mice treated with aptamer targeted liposomal dye. B) Spleen and kidneys from
mice dosed with either free dye, or targeted dye loaded liposomes. C) C4-2 tumors from
the same mice as in A and B. D) Ex vivo fluorescence imaging of tumors derived from
C4-2 (top) and PC3 (bottom) cells. Mice were treated only with aptamer targeted
liposomes in this experiment. E) Hemotoxylin and Eosin stain of liver sections from mice
treated with 4mg/Kg of either free TPEN or TPEN loaded liposomes.
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Figure 8: Aptamer-targeted liposomes specifically deliver contents to and reduce
tumor growth of PSMA+ tumors. A) B) Growth of C4-2-derived tumors, normalized to
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starting volume. Error bars represent standard error. B) Growth of PC3-derived tumors,
normalized to starting volume. Error bars represent standard error.

Supplementary Figure 1: Quantification of mitochondria from 100+ cells for each group
using image J.
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Supplementary Figure 2: A) Standard curve of TPEN absorbance used to calculate TPEN
concentration in liposomes. B) UV absorbance at 260nm of TPEN loaded liposomes after
dialysis at 37°C against PBS C) Representative UV-VIS absorbance of Ap-Lip modified
with Quazar 670, TPEN loaded liposomes, and buffer after washing liposomes.
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Supplemental Figure 3: General Scheme showing formation of aptamer-targeted
liposomes.

Supplemental Figure 4: Size as determined by DLS of TPEN loaded liposomes after
dialysis against PBS at 37°C.
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III.6 Future Directions:
There remains an unmet need for the treatment of advanced prostate cancer. A
major complicating factor for the treatment of this disease is that recurrent disease is
often hormone independent, leaving the primary treatment for prostate cancer ineffective.
However, some aspects of advanced PCa are possible avenues for future treatments. As
PCa develops, zinc levels in the malignant tissue decrease dramatically compared to the
healthy tissue. PCa cells are highly sensitive to changes in zinc concentration, and
chelating out the remaining zinc results in PCa cell death. However, this requires a
delivery method to ensure that the chelator reaches the site without first chelating other
metals from the blood. PCa also expresses high levels of PSMA, and nearly all metastasis
to the bone and bladder express this marker as well. The SZTI01 aptamer was designed to
recognize this marker and can be used to deliver a variety of molecules to cells
expressing this target. Our studies show combining zinc chelation with aptamer mediated
delivery may be a promising, and novel, treatment for advanced PCa, and may result in
improved prognosis for patients of this disease. We anticipate that further development
of zinc chelation therapies for advanced PCa will result in favorable outcomes for these
patients, and that aptamer-targeted liposomes provide a good platform for delivery of not
only chelating agents, but also traditional chemotherapy for combination treatments as
well.
Executive Summary:
Current Status of Prostate Cancer Treatment:


While primary PCa has a favorable outcome, with 5 year survival ≈90%, recurrent
disease has a much worse prognosis even with new treatments.

Development of Novel Treatments for Advanced Prostate Cancer:
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Recent work has shown that PCa has greatly reduced zinc levels when compared
to the normal prostates
We investigate the ability of the chelator TPEN to chelate zinc in PCa cells and if
this is sufficient to kill PCa cells
We develop a targeted delivery vehicle for TPEN, utilizing liposomes and
aptamer targeting, to selectively target PSMA expressing PCa Cells

Key Results of Findings:








TPEN acts rapidly when administered to PCa cells in vitro, with effects being
irreversible within 8 h.
TPEN elicits its effects via zinc chelation and ROS imbalance, and cells can
be rescued from TPEN by supplementing with exogenous zinc or
antioxidants.
Despite high lipophilicity, TPEN can be incorporated into liposomes and
targeted to PSMA expressing cells using the SZTI01 aptamer.
SZTI01 targeted liposomes increase the accumulation of dye in vivo compared
to free dye, and delivery of TPEN in this way results in reduced toxicity at
short time points.
TPEN delivered via aptamer-targeted liposomes results in a significant
reduction in PCa tumors in a xenograph model when administered twice
weekly.

Implications:


These studies demonstrate that zinc chelation can be used to reduce PCa
tumors as a single agent treatment, and that aptamer-targeted liposomes can be
used to safely deliver drugs that are otherwise toxic in vivo.
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IV.1 Introduction:
Nearly a quarter of a million women will be diagnosed with breast cancer (BC)
every year in the United States, and despite decades of intense research and advances in
treatment over 40,000 women will die of the disease each year1. The discovery of
amplification of the Her2/Neu gene in a large portion of breast cancer patients and the
advent of specific therapy using the antibody Herceptin revolutionized the treatment of
breast cancer, extending survival significantly2. However, only about 25% of breast
cancers over express this marker limiting the utility of this treatment and underscoring
the necessity for further research to improve prognosis for the majority of women3.
One of the most successful ways to improve the prognosis for BC patients is early
detection of the disease. Patients that begin treatment at stage I approach 100% 5 year
survival while those diagnosed at stage IV have less than a 25% 5 year survival1. The
only current method used for breast cancer screening is mammography which can reduce
the mortality of breast cancer by 32% in women in their 60’s4. However, mammography
is time consuming, intrusive to the patient, result in over diagnosis, and can contribute to
increased risk of developing cancer5,6,7. Unlike prostate cancer in men where Prostate
Specific Antigen blood concentration can be monitored and used for screening and
diagnostic purposes, there are no equivalent blood monitoring tests for BC. Blood
screening tests are favorable over radiographic imaging for multiple reasons including, no
radiation exposure to the patient, lack of subjective diagnosis based on image analysis,
faster and less intrusive to the patient, as well as the ability to check multiple markers
simultaneously. Currently a variety of targets are being investigated as alternatives to
mammography. Tumor derived DNA, circulating stem cells, and MUC1, a protein
107

associated with increased BC progression, are all being examined for use in BC
screenings, however these markers are generally only useful at later stages of BC
development8,9,10. Mammaprint, a screening of 70 genes related to BC, can be used for
diagnostic purposes and can be used to help predict if a cancer will progress or become
metastatic11. Recently, miRNA’s have been shown to have early diagnostic potential for
identifying BC before it is in an advanced stage, but a definitive blood screen is still
unavailable, with multiple new candidates being pursued12.
Vitronectin (VN) is being investigated a possible biomarker that can be used for
diagnostic purposes in BC. VN is a highly glycosylated protein produced primarily in the
liver and secreted into the blood13. VN can exist as a monomer, which predominates in
the serum, or as a multimer once it is incorporated into the ECM14,15. One of VN’s major
roles is in wound healing and clotting. High levels of VN are stored in platelets and upon
activation VN is released and prevents clot degradation via binding of plasminogen
activator inhibitor-116. However, VN also binds to a many other receptors including αVβ3, an integrin that plays a role in macrophage activation, angiogenesis, and tumor
progression17,18. VN is also known to become incorporated into the extra cellular matrix
and serves as a support for cell motility and adhesion19. Of particular interest in this
regard is the ability of VN to bind to the urokinase receptor (uPAR, CD87), which is also
involved in plasminogen activation20. Once uPAR binds to VN it appears to induce cell
adhesion and cancer migration through Rac activation21,22. VN binding appears to be key
in inducing these effects via uPAR23,24. Because of this, uPAR has been investigated as a
potential biomarker for BC. It has been demonstrated that uPAR expression is increased
as the disease progresses and may have prognostic value25. VN itself has also been
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investigated as a possible cancer promoting protein as well. Circulating serum VN has
been shown to increase with BC progression26. Additionally, increased VN staining can
be observed around the vessels of DCIS containing breast tissue26. Analysis of mRNA
from BC carcinoma displaying high VN staining revealed that neither malignant nor
normal breast tissue expressed VN, suggesting it was being supplied by the liver and
malignant cells were actively binding the protein from serum27. Further, VN was shown
to be a driving factor in BC cancer stem cell differentiation, and when VN binding to αVβ3 was blocked BC cells failed to form tumors in vivo. These results make VN a
promising candidate as not only a possible prognostic marker for BC, but also as a
therapeutic target used to treat the disease by binding to circulating VN and localizing to
areas where malignant tissues are incorporating it into the surrounding ECM.
In order to identify a molecule that could differentiate between VN and
Fibronectin (FN), a structurally similar protein, we developed an aptamer using a novel
variation of the Systematic evolution of ligands by exponential enrichment protocol
(SELEX)29. Aptamers are single stranded DNA or RNA molecules that fold into distinct
3D conformations which can recognize proteins, small molecules, and even metal
ions30,31. Aptamers have advantages over antibodies in that they are chemically stable,
can undergo multiple freeze thaw cycles, be denatured and refolded, are nonimmunogenic, and production can be scaled with reasonable cost32. They can also be
modified with drugs, dyes, or other molecules to alter their function and stability33,34. We
utilized a combination of capillary electrophoresis (CE) and next generation sequencing
(NGS), which has been shown to identify aptamers more efficiently than traditional
SELEX, to identify an aptamer against VN35,36. However, this is the first work to select
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novel aptamers using a combined CENGS SELEX methodology. Herein we describe the
selection, characterization, and drug delivery capability of a novel aptamer against VN,
VBA-01, and its dimer DVBA-01 using CENGS SELEX.

IV.2 Methods:
Vitronectin Specific Aptamer Synthesis:
All DNA aptamer sequences were synthesized at IDT Inc. (Coralville, IA).
Aptamers were reconstituted in sterile 50mM Tris buffer, pH 8.2 at 100 µM. All aptamers
were synthesized with either a dA16 or T16 single-stranded tail at the 3’-terminus, in
addition to a 3’ phosphorothioate bond to increase nuclease resistance. DVBA-01 and
VBA-dT-01 were formed by prefolding the aptamers and mixing the 2 monomers at 1:1
ratio followed by a 15 minute incubation at 4°C. The DVBA-01 used for these studies
(unless otherwise indicated) included the sequence dCGGCA16GCCG at the 3’ end. The
secondary structure for the DVBA-01 calculated using m-fold.
Aptamer selection:
Aptamer selection was achieved by CENGS-SELEX (capillary electrophoresis
and next generation sequencing SELEX) to select for and identify aptamer sequences. A
DNA library containing ≈ 2 x 10^19 unique sequences was used for all SELEX studies,
with set primer sequences on the 5’ and 3’ ends and 40 random nucleotides in the center
of the oligonucleotide
(5’AGCTCAGAATAAACGCTCAA(N)40TTCGACATGAGGCCGGATC). Primers
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used for PCR were 5’ Phos-GATCCGGCCTCATGTCGAA and 5’
GGGAGCTCAGAATAAACGCTCAA. Fibronectin, Vitonectin, and aptamers were all
prepared to 50µM in pH 8.2 Tris buffer. 1.5 x10^13 sequences were used for the initial
selection. Aptamers were folded by heating to 95°C for 10 minutes and snap cooled by
placing them directly in an ice bath for 15 minutes. Aptamers were mixed 1:1 with
protein at a final concentration of 500nM. The mixtures were allowed to incubate at 4°C
for 30min prior to CE experiments. Selections were performed using a Beckman Coulter
P/ACE MDQ CE system with laser-induced fluorescence (LIF) with excitation/emission
set to 488/520nm. 32 KARAT software was used for for CE control and analysis. An
uncoated fused-silica capillary 60.2 cm total length, 75 μm internal diameter was used for
CE studies. The capillary and inlet/outlet vials were filled with separation buffer which
contained pH 8.2, 31 mM Tris and 500 mM, as well as 1:100,000 SYBR gold for DNA
labeling.
The aptamers were first run with Fibronectin as a negative selection step. The
bound fraction of aptamers was discarded, and the remaining aptamers were mixed with
Vitronectin and re-run through CE SELEX. The bound aptamers were then collected, and
unbound DNA was discarded. Aptamers were PCR amplified with phosphorylated
forward primer using TAQ DNA polymerase, and degraded to single stranded DNA
using lambda exonuclease according to manufacturer protocols. Single stranded aptamers
were collected using a QIAquick PCR purification kit. Positive SELEX was performed
for a 2 additional rounds, with a final negative selection against fibronectin.
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After the initial selection rounds were complete, the aptamer pool was converted to blunt
end dsDNA by amplification with T4 DNA polymerase. The dsDNA was shipped to
Nanomedica for Next Generation Sequencing (NGS).
The top 7 most populous sequences identified by NGS were then synthesized
(Supplemental Figure 1). Aptamer candidates were folded and evaluated for binding
under identical conditions that were used for aptamer selection. Sequence 1 (S1), the
most populous sequence identified by NGS, had the lowest Kd of these initial aptamers
selected and was used for further aptamer refinement. Sequences other than S1 also
displayed affinity in the mid-to-high nanomolar range (S5, S6), indicating that there are
other aptamers that bind VN despite having significantly different sequences. To identify
aptamers that were similar to S1, non-primer bases of S1 were divided into 8 base reading
frames which were then compared to the entire library of sequences identified by NGS.
Any sequence that shared an 8 base sequence with S1 was added to a new library of
candidate aptamers, for a total of 1582 unique candidate aptamers. The list of candidate
aptamers was analyzed with CLUSTAL OMEGA which grouped the candidate aptamers
by sequence similarity. The aptamer groups were visualized with a phylogeny tree with
average distance using percent identity to construct the tree. This was divided into 8
“families” based on sequence similarity. After clustering we selected 10 aptamers from
separate families, with 2 aptamers selected from the largest family and 2 selected from a
highly variable family. These aptamers were synthesized and evaluated by CE for
binding affinity. We identified 3 aptamers with low nanomolar affinity, S3a, S5a, and
S8a. We then chose to further develop S5a, as it had a similar structure to S1, which was
the most populous sequence identified in NGs. S5a was trimmed from the 3’ and 5’ ends
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until binding affinity began to decrease significantly, resulting in a final length of 63
bases. This trimmed aptamer, VBA-01 was used for binding and toxicity studies.
Synthesis of Doxorubicin Conjugated Aptamers:
The covalent complex of DVBA-01 and VBA-dT-01 was prepared by mixing 250
µL of a 50 µM solution with a Dox-formaldehyde solution prepared upon incubation of a
0.37% formaldehyde solution in Dulbecco’s Phosphate Buffered Saline without Calcium
or Magnesium (DPBS) pH 7.4 with Dox. The reaction proceeded in a light-free manner at
4°C for 48 hours. The solution was extracted once with 300 µL of phenol:chloroform
followed by two additional extractions with 300 µL chloroform. The aqueous phase was
then ethanol precipitated and the pellet rinsed 2x with 70% ethanol and once with
absolute ethanol and dried under reduced pressure. The red pellet was re-suspended in
100 µL dH2O. Yields were typically >90% based on DNA recovery.
Determination of Dox:DNA Ratios:
DNA samples were prepared in DPBS and absorbencies were measured from
200-800nm using a Beckman Coulter DU800 spectrophotometer. A standard curve of
Dox was established between 1µM and 10µM by using absorbencies at 494nm at 85°C.
To assess the amount of Dox covalently bound to DNA the samples were heated to 85°C
before measuring the absorbance at 494nm and 260nm. The 260nm wavelength was used
to determine the DNA content in the sample and to determine the Dox:DNA ratio.
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Temperature-Dependent UV Studies:
Temperature-dependent UV absorption spectra were obtained using a Beckman
Coulter DU-800 UV-Vis spectrophotometer. Samples of DVBA-01, DVBA-01-Dox,
VBA-01, and VBA-01-Dox were prepared in DPBS. The temperature was increased at a
rate of 0.7 °C/min over the range 20 – 85 °C and absorbance at 260 nm was measured for
each sample, (400 µL, 1 µM) concentration.
Cell Maintenance:
MDA-MB-231 cells were purchased from cell and viral vector core laboratory at
Wake Forest School of Medicine. All cells were maintained with DMEM (Gibco, Grand
Island, NY) with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA).
All cells were kept at 5% CO2 at 37 °C.

Cell Viability Assays:
Cells were seeded at a density of 5,000 cells/well in 96-well plates and incubated
at 37 °C under 5% CO2. For cells plated on protein coated plates, 96 well plates were
coated by adding 100µL of 10µ/mL of the appropriate protein in PBS to each well. Plates
were sealed with parafilim and placed at 4C° overnight. Plates were warmed to room
temperature before removing excess protein solution and plating cells. The following
day, cells were washed with FBS free media and treated for 3 hours with drugs. After
treatment cells were washed with media congaing 10% FBS and incubated for 72 hours.
Cell viability assessed indirectly by measuring the ATP amounts using CellTiter-Glo
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luminescent cell viability assay (Promega) according to the manufacturer’s protocol. For
experiments where plates were treated before cells were plated, protein coated or
uncoated plates were treated with drugs for 1 hour at 4C° before being washed with PBS.
After plates were washed cells were plated as stated above. Cells were incubated 72
hours before being assayed for viability.
Histology:
Frozen tissue sections of patient DCIS tissue were obtained from the Wake Forest
Tissue Bank, sectioned, and fixed using 10% acetone for 10 minutes at -20°C. Sections
were then blocked for 15 minutes using 5% Bovine serum albumin. After blocking
sections were washed 3x with PBS. Sections were treated with either 1μM of biotin
labeled VBA-01, or a 1:750 dilution of the VTN antibody NBP2-20866 from Novus
Biological, both in 1.5% BSA in phosphate buffered saline, overnight at 4°C. Sections
were washed in PBS for 1 hour before an anti-biotin HRP conjugated antibody was added
to aptamer stained sections, or anti-mouse HRP conjugated antibody was added to
antibody stained sections. Sections incubated for 1 hour at room temperature before being
washed 3x with PBS and developed. Sections were stained with nova red and
counterstained with hematoxylin.
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IV.3 Results:
Aptamer Selection using CENGS-SELEX:
The use of capillary electrophoresis enabled us to rapidly enrich a pool of 15
trillion unique sequences for only those that bound Vitronectin, with limited binding for
Fibronectin. The use of CE allows for researchers to monitor the Kd of each selection
step using electroferograms, with the area under each curve representative of the amount
of aptamer that is bound versus unbound. The initial random library had a Kd of ≈16µM
for VN before any selection took place (Figure 1a). After a single negative selection
against FN and positive selection for VN we increased the affinity for VN by 30 fold, to
≈500nM (Figure 1b). Each successive round of selection increased the affinity of the
pool by approximately 2 fold, resulting in a 200nM Kd for the library (Figure 1c). After
the selection process was completed the pool was converted to dsDNA and sent to
Nanomedica for Next Generation Sequencing, which identified 143.845 unique
sequences. We selected the top 7 unique sequences (S1-S7) to test for VN binding using
CE (Supplementary Figure 1). S1 and a closely related sequence which varied only by
the addition of an additional C to a CCC sequence, likely an error in PCR, accounted for
2.7% of the total reads in the data set. S2 accounted for 0.78%, with S3-S7 varying
between 0.14% to 0.08% of total reads. After Kd evaluation we identified sequence 1
(S1), the most populous sequence identified in NGS, as the aptamer with the lowest Kd
of the selected sequences, with a Kd of ≈400nM. In order to identify similar sequences to
S1 we broke the aptamer into 8 base reading frames and identified all of the aptamers
from the NGS that contained any of those reading frames. These sequences were then
compiled into CLUSTAL OMEGA and clustered into families according to sequence
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similarity. Using a phylogenic tree to differentiate the families (Supplementary Figure
2) we then selected 10 sequences from these groups. We avoided multiple selections from
the same group in order to avoid overly similar sequences (Supplementary Figure 1),
although 2 sequences were selected from the largest family, as well as from a highly
variable family. These 10 aptamer candidates were analyzed for Kd using CE. We
identified 3 aptamers from the candidates that displayed low nanomolar affinity for VN,
S3a, S5a, and S8a. Kd analysis using CE showed that Sequence 5a (S5a) had the lowest
binding affinity of these modified aptamers (Figure 1c). Trimming S5a aptamer sequence
in from the 3’ and 5’ sides revealed that 10 bases could be removed from both ends
before significant reductions in affinity were lost. The final Kd of this aptamer, VBA-01,
was found to be 405nM and its structure was determined by MFOLD (Figure 1d).
Biophysical Characterization of Aptamer Complexes:
We have developed a novel method to covalently link dox with DNA using a pH
sensitive bond. However, this chemistry requires dsDNA. Aptamers with double stranded
character were formed by appending either CGGC-dA12-GCCG or CGGC-dT12-GCCG to
the 3’ terminus of VBA-01. This allows for the formation of the dimeric DVBA-01
(Figure 2) and the monomeric VBA-01-dT, which consists of VBA-01 with a CGGCdA16-GCCG tail base paired to a complement 20mer oligonucleotide. Both DVBA-01
and VBA-01 displayed a similar Tm of ≈45C°. When DVBA-01 was covalently modified
with Dox, the Tm increased to ≈60C°. DVBA-01 bound 7 equivalents of Dox (Figure 3a).
An additional observation was that when DVBA-01 reacted with Dox, all of the drug was
bound to the complex, indicating that DVBA-01 may be capable of binding additional
Dox molecules. Dox loaded DVBA-01 and DVBA-01-Dox were assessed for binding
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affinity against VN using CE as described above. DVBA-01 had an apparent Kd of
485nM, and DVBA-01-Dox had a Kd of 28nM (figure 3b)
VN Specific Cytotoxicity of DVBA-01-Dox Against BCa Cells:
VN, FN, or uncoated 96 well plates were used to assay the ability of DVBA-01Dox to specifically kill BCa cells in a VN rich environment. Plates coated with 10µg/mL
of VN facilitated increased killing of MDA-MB-231 cells treated with DVBA-01-Dox
when compared to FN or untreated plates. The IC50 value was reduced by ≈35% when
compared to cells plated on uncoated or FN treated plates (Figure 4b). When the
cytotoxicity data over a range of concentrations is evaluated using calcusyn’s dose-effect
curves, there is a modest difference between cells cultured on VN and FN/untreated
plates (Figure 4a). However, a distinct difference can be seen between the treatments
when cells are treated near the IC50 value (Figure 4c). Cells on VN coated plates are
much more sensitive to DVBA-01-Dox than cells cultured on plates lacking the
appropriate target. In order to confirm that VN is responsible for the increase in activity
we pretreated plated coated in VN, FN, Collagen or uncoated plate for 1 hour at 4C° with
4µM of DVBA-01-Dox before washing and plating MDA-MB-231 cells. When the assay
is performed in this manner there is much more cytotoxic activity in cells cultured on VN
treated plates when compared to controls (Figure 4d), confirming that DVBA-01-Dox is
binding to VN and is delivering Dox to the cells.
Flow Cytometry:
We investigated whether VN and DVBA altered the expression of two markers,
CD87 (UPAR), which can bind VN and is associated with malignant progression, and
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CD44 (HCAM), a stem cell like marker which has been shown to be upregulated on
many cancers. MDA-MB-231 BCa cells cultured on plain plates showed high expression
of CD44, with nearly all cells expressing the marker (Figure 5). The level of CD87
expressed by these cells was lower, ≈75%, with ≈60% of cells being positive for both
markers. When MDA-MB-231 cells were plated on VN coated plates CD44 levels
remained above 90%, but CD87 expression was greatly increased, to 90.7% of cells. BCa
cells cultured on VN coated plates treated with DVBA-01-Dox displayed decreased
expression of both markers compared to cells coated on VN plates. When cells on
uncoated plates were treated with DVBA-01-Dox, the relative amount of CD44 + cells
remained unchanged; however CD87 expression was reduced by ≈15 percentage points
to 57.1%. The amount of double positive cells decreased to 47.1%.
Tissue Binding:
In order to ascertain if VBA-01 could bind to VN in a tumor environment we
obtained patient BC tumor samples from the Wake Forest tissue tumor bank. These
tumors were sectioned and probed with either ANTI-VN antibody or VBA-01 with a
biotinylated 3’ terminus. ANTI-VN was detected by using an anti-mouse secondary
linked to HRP, while VBA-01 was detected with an anti-biotin linked HRP antibody.
IHC showed specific binding of both ANTI-VN and VBA-01, however they appear to
stain different sections of the tumor (Figure 6). ANTI-VN exclusively binds to extra
cellular matrix, where VN can become multimerized and incorporated. ANTI-VN also
appears to stain the vessel wall heavily. Additionally, the ANTI-VN antibody failed to
bind tumor cells which are directly binding the VN monomer. VBA-01 does not bind the
ECM, but appears to bind directly to the tumor cells, suggesting that VBA-01 may be
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specific for monomeric VN over the multimeric ECM incorporated isoform of the
protein. This binding was confirmed with Fluorescence microscopy where VBA-01
binding was visualized using a streptavidin-Texas Red conjugate. Fluorescence shows
that the aptamer binds directly to tumor cells, with much lower binding to ECM. This
high specificity for tumor cells bound VN over ECM incorporated VN may play an
important role in differentiating between normal VN incorporation, and tumors which
bind high levels of the blood protein.

IV.4 Discussion:
Breast Cancer kills over 40,000 women each year necessitating the search for new
treatments. VN is a blood protein secreted by the liver and has been shown to have BC
promoting activity, as well as having increase expression during BC progression and
being present at high levels in BC tissue relative to healthy tissue. These properties make
VN a promising target as a drug development target. VN can be used for two purposes
with respect to BC treatment. First, because it is primarily a blood protein with
concentration in the low mg/L range, it can be used as both a measure of disease
progression as well as a carrier protein for delivery26,37. Albumin, the most abundant
blood protein, has been used as a drug carrier molecule to favorably alter
pharmacokinetic properties of a variety of dugs38. We hypothesize that VN may also act
as a blood carrier protein similar to albumin, however this is not explored in the current
work. The second use of VN in BC treatment is as a drug targeting agent. Because VN is
upregulated in BC, and appears to accumulate in malignant breast tissue it can be used as
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a molecular target for the disease26. With this in mind we have developed an aptamer
specific to VN, VBA-01, using a novel method of SELEX which utilizes CE and NGS to
rapidly select the aptamer in far fewer round than has been possible in the past.
In our aptamer selection protocol we aimed to select an aptamer which had high
specificity for VN over FN. In order to accomplish this our first selection was a negative
selection against FN. Only aptamers that did not bind to FN were collected for further
selection. Although the majority of the aptamer library did not bind, this should remove
the aptamers with the highest affinity for FN from future rounds of SELEX. The
collected fraction of aptamers was immediately mixed with VN and selected using CE,
where only binding aptamers were collected. In order to further expedite the SELEX
process a phosphorylated primer was used which could be removed enzymatically after
each round of PCR, removing the necessity for column binding and denaturation used to
collect ssDNA in other selection protocols. We performed a total of 3 positive selections
bookended by negative selections. Another advantage of using CE for selection is that the
affinity of the library can be monitored during selection. This method of SELEX resulted
in reducing the Kd of the library by 30x after a single round of SELEX (Figure 1a and
1b). Each successive round decreased the affinity 2x, which suggests that the majority of
poor binding sequences are removed early in the SELEX process (Figure 1C). However,
the DNA:VN ratio remained unchanged throughout the selection, and reducing this ratio
may have favored stronger binders, increasing the affinity of future rounds further.
Once we completed our rounds of selection dsDNA was produced from the aptamer
library and was sequenced by Nanomedica using NGS. The data obtained by NGS
showed that there were only a few sequences that were expressed as a significant
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percentage of the sequences. We hypothesize that additional rounds of selection may be
useful in amplifying some of the less common sequences that are tight binders, but each
round of PCR introduces bias. Some sequences may be expressed at high levels despite
relatively low affinity to the target. This can occur when many rounds of PCR are
preformed, effectively selecting for sequences which are more amenable to PCR than
others which may bind more tightly, but PCR at a lower rate35,39,40. Regardless, we
selected the 7 most populous sequences for further analysis (Supp S1). CE revealed that
sequence 1 (S1, Figure 1d), the most populous sequence, had the highest binding affinity
of the select sequences, around 400nM. While this is lower than the final library Kd of
about 200nM, it is still appropriate for specific binding. However, this result suggests that
many of the less populous sequences had higher affinity than the more populous
sequences, indicating that additional rounds of PCR may have resulted in an aptamer with
a lower Kd. In order to identify if there were sequences similar to S1 we broke the
random region of the aptamer into 8bp reads and identified any aptamer sequence which
possessed those reads anywhere in their sequence. This resulted in ≈1500 sequences.
CLUSTAL OMEGA was used to then group the 1500 aptamer candidates into 8 families
and chose 1 sequence from each family, and an additional from each of the largest and
most variable family (Supp 1). Binding analysis of these sequences revealed that
sequence 5a had the highest affinity, ≈200nM, which was similar to the library affinity
immediately before NGS sequencing (Figure 1c). This further supports that some of the
less populous sequences were strong binders. For future studies we suggest at least 3
rounds of SELEX at the initial selection conditions, with additional rounds of a more
stringent selection in order to amplify stronger binders more successfully. To form our
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final aptamer, VBA-01, we trimmed the aptamer from both termini, removing 20 bases of
the aptamer which increased the Kd to 400nM (Figure 1c). This reduction in affinity is
not entirely unexpected, and suggests that the ends of the aptamer may have been playing
some role in stabilizing the binding conformation.
After finalizing VBA-01 we assembled the dimeric DVBA-01, and doxorubicin modified
dimer, DVBA-01-Dox, by synthesizing the aptamers with either poly dT or poly dA tails
which when mixed, result in a AT base pair bridge linking each aptamer as we have
described previously (Figure 2)34. Dimers were made in part because we hypothesized
that a multivalent aptamer would have a higher affinity for VN than a monomer, as it
could bind two VN molecules simultaneously, and if one was released the second would
remain bound increasing the apparent affinity. However, upon examination of the Kd
using CE we found that the affinity was relatively unchanged versus the monomer, and
was actually slightly reduced, from ≈400nm for the monomer to ≈500nm for the dimer.
We believe that this demonstrates that our dimer is unable to bind multiple VN molecules
simultaneously despite possessing two binding aptamers. One possible reason for this is
that once the dimer binds a single VN molecule the second aptamer is obscured from
binding. This could occur if our dAdT base pair bridge is not sufficiently long enough to
allow for room for multiple VN molecules.
We assessed DVBA-01-Dox for its drug binding capacity and found that DVBA-01-Dox
was capable of binding at least 7 equivalents of drug. Because this was the ratio used in
our reactions we believe that the aptamer incorporated all of the dox that was available.
The characteristic absorbance of dox apparent in the 500-600nm range, and can be used
to quantify the amount of dox loaded into the aptamer as we have previously described34
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(Figure 3a). While more Dox could theoretically be loaded into the aptamer, the drug can
have an effect on the shape of the aptamer and possibly reduce it affinity for VN further.
We found that dox incorporation stabilized DVBA-01 against temperature dependent
melting (Figure 3b), indicating that dox was having a structural effect on the aptamer.
When DVBA-01 and DVBA-01-Dox were assessed for binding affinity to VN we
discovered that the affinity of DVBA-01-Dox was greatly increased over unmodified
DVBA-01 (Figure 3b). It is possible that dox stabilizes the aptamer in a binding
conformation, increasing the affinity of the complex for VN.
After establishing that VBA-01 and its variants could bind to VN in solution via CE we
sought to establish that we could use the aptamer complex DVBA-01-Dox to deliver
drugs to cancer cells in a VN dependent manner. Because VN is not produced by BC
cells but is produced and released by the liver and bound by BC cells, we used protein
coated plates to simulate what may happen in vivo where BC cells bind to and
accumulate VN26. When plates were coated with 10μg/mL of VN, FN, or uncoated,
plated with cells, and then treated for 3 hours with DVBA-01-Dox we observed increased
cytotoxicity against MDA-MB-231 cells plated on VN plates when compared to FN or
uncoated plates (Figure 4a). This increased cytotoxicity was quantified using calcusyn,
and revealed a 35% increase in activity against cells coated on VN (Figure 4b). We
hypothesize that BC cells plated with VN receive a higher dose of Dox than other cells
because the aptamer binds to the VN on the plate and stays with the cells even after they
are washed, increasing the effective dose those cells are exposed to. This effect is
especially apparent when cells are treated near the IC50 value of 2μM (Figure 4c).
However, we believed that during the 3 hour incubation cells were taking up the drug
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complex due to non-specific mechanisms such as endocytosis. In order to test this we
coated plates in either VN, FN, collagen, or left them uncoated. These plates were then
treated with DVBA-01-Dox, washed, and then plated with cells. When the assay is
performed in this manner cells will only be exposed to drug if the complex is binding to
the protein. This assay shows that VN coated plates have much more cytotoxic activity
than FN, Col, or uncoated plates, consistent with DVBA-01-Dox binding to VN
preferentially over the other substrates (Figure 4d). We believe that these data show the
feasibility of using the DVBA-01-Dox aptamer to deliver drug to BC cells in a VN rich
environment, and lay the foundation for future in vivo experiments, where VN blood
binding may also increase the specificity of the complex.
Because VN and its interaction with uPAR is associated with increased metastatic
potential in BC we wanted to investigate the effects VN had on UPAR and CD44, a gene
which regulates cell-cell interactions, migration, and differeintiation24,28,41. CD44 is also
implicated in BC metastasis, and is associated with a stem-like cancer cell phenotype,
making it a relevant biomarker to investigate in relation to VN and BC42,43,44. We seeded
MDA-MB-231 cells on either uncoated plates or VN coated plates. Cells were then
treated with DVBA-01-Dox and assessed for expression changes in uPAR and CD44.
When BC cells were grown on untreated plates they displayed near uniform (+90%) of
CD44, and high levels of uPAR expression as well (≈75%) (Figure 5a, 5e). When these
cells were exposed to DVBA-01-Dox the proportion of cells expressing uPAR decreased
compared to controls (Figure 5b, 5e). This likely occurred because cells were cultured in
media contain serum, which VN is a component of. We hypothesize that DVBA-01-Dox
bound to VN in the sera, which was then taken up by uPAR expressing cells and resulted
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in their death. Cells that were grown on VN plates had slightly increased expression of
CD44, but UPAR expression increased to 90% of cells (Figure 5c, 5e). It is possible that
there is a yet undefined feed forward mechanism that exists between uPAR and VN
binding which results in BC cells becoming more metastatic, this is supported by the
double positive population increasing from ≈50% to ≈90% of cells. When cells grown on
VN were exposed to DVBA-01-Dox there was a marked decrease in both uPAR and
CD44 expressing cells (Figure 5d, 5e). The decrease in uPAR expressing cells is
expected, as higher uPAR expression should correlate with higher VN binding, and
therefore drug uptake. Interestingly, CD44 expression is decreased by a similar amount,
which was not observed in DVBA-01-Dox treated cells that were not grown on VN. This
may indicate that cells which are actively binding VN, and therefore more metastatic,
may be more susceptible to DVBA-01-Dox than cells not being stimulated by the protein.
It also demonstrates that there is a likely link between VN, uPAR, and CD44, indicating
that VN exposure likely makes BC cells more “stem-like”, in agreement with previous
reports of VN levels linked to disease progression. Dox is a topoisomerase II poison
which results in DNA machinery failure in replicating cells. Both uPAR and CD44 are
known markers of cancer cell migration, replication, and metastasis, and that by targeting
cells that are undergoing this process DVBA-01-Dox is killing BC cells that are most
likely to become metastatic.
Once we established the effects of VBA-01 and its derivatives in vitro we sought to
confirm that VBA-01 could detect VN in BC tissue samples from DCIS patients. Sections
of fresh tumor samples were stained with either VBA-01 or a VN specific antibody and
assessed for binding. VBA-01 used for these experiments was synthesized with a biotin
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label, which was detected by an anti-biotin secondary antibody. Comparing the antibody
and aptamer stained sections major differences become apparent immediately. Antibody
stained sections display heavy staining of the ECM and almost no staining of cellular
bodies (Figure 6). It is known that VN can become multimerized and incorporated into
the ECM of surrounding BC cells. However, aptamer stained sections show almost
exclusive cellular staining (Figure 6). We also synthesized VBA-01 with a fluorescent
tag, which does not require a secondary antibody for detection, which confirmed the
binding pattern described above. We believe that this results from VBA-01 binding to
monomeric VN molecules which are bound to a VN receptor molecule, possibly uPAR or
αV-β3. When VN multimerizes the confirmation of the protein is altered, resulting in
altered antibody affinity and cellular function45,46. Because our selection protocol utilized
monomeric VN, the form of the protein most prominent in circulation but not in the
ECM, we likely identified an aptamer that recognizes an epitope that becomes obscured
once the protein is mulitmerized. We believe that this will be an advantage in an iv vivo
scenario, where multimerized VN is present in ECM throughout the body, especially in
the vasculature where it plays a role in heparin binding47. An aptamer which recognizes
multimeric VN could find itself bound to vasculature well before it can locate to the
tumor site, whereas an aptamer against the monomer would be able to use the VN to
locate to BC cells which are binding the protein in large quantities.
We have described for the first time the selection of a novel aptamer using a combined
CE and NGS SELEX process. This allowed us to select an aptamer with mid to low
nanomolar affinity in only 3 rounds of SELEX, which traditionally has taken a dozen or
more rounds. NGS allowed us to refine our aptamer rationally and eliminated the need
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for tedious cloning and sequencing as well. We believe that CENGS SELEX has the
potential to decrease the time required to identify aptamers against protein targets and
should become a preferred method with which to identify new aptamers. Once we
identified our VN specific aptamer, VBA-01, we formed a dimer and covalently modified
it with doxorubicin for drug delivery. This also increased the affinity of the aptamer for
its target significantly, and resulted in VN dependent cell killing. VN is a developing
molecular target for BC, in the form as both a biomarker which can be used for diagnosis
or as a target for therapy, and the VN specific aptamer VBA-01 further advances this
field of study.

Figure 1: A) Electropherogram of the starting library against VN. B) Electropherogram
of the aptamer library after a single round of positive SELEX. C) Affinity of various
aptamer libraries and individual aptamer candidates. D) Structure of VBA-01 as predicted
by MFOLD
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Figure 2: Structure of DVBA-01, with possible dox binding sites highlighted in red

Figure 3: A) Physical characteristics of VBA-01 and its derivatives. B) UV-VIS
spectrum of DVBA-01-dox, with the 400-600nm range inset to show dox absorbance.
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Figure 4: A) Dose effect curve of DVBA-01-Dox effect on MDA-MB-231 cells seeded
on coated plates and then treated with drug. B) IC50 values of the drugs based on
treatment after seeding determined by Calcusyn. C) Cytotoxicity data of cells treated with
2μM DVBA-01-Dox showing the difference resulting from plate coating. D) Cytotoxicity
data from plates that were treated with DVBA-01-Dox, washed, and then seeded with
cells.
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Figure 5: A-D) Flow cytometry results of cells plated on uncoated, untreated MDA-MB231 cells. B) Flow cytometry results of cells plated on VN coated, untreated MDA-MB231 cells. C) Flow cytometry results of cells plated on uncoated, DVBA-01-Dox treated
MDA-MB-231 cells. D) Flow cytometry results of cells plated on VN coated, DVBA-01Dox treated MDA-MB-231 cells. E) Quantification of flow cytometry expression results.

131

Figure 6: Histological examination of patient DCIS tissue stained with either antibody
against VN, VBA-01 modified with biotin, or VBA-01 modified with a dye.

Supplementary Figure 1: Sequences of the various aptamers identified via NGS and
tested for affinity with CE
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Supplementary Figure 2: Phylogeny of the ≈1500 sequences related to S1, compiled by
CLUSTAL OMEGA
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Chapter V
Discussion and Future Directions
V.1 Aptamers as Therapeutics
Aptamers are a relatively new tool available to researchers, the methods to design them
only being described in the mid 1990’s1. Despite the short time these molecules have
been researched, the first aptamer therapeutic was approved by the FDA for the treatment
of macular degeneration2. There are also a number of aptamers in clinical trials for
diseases including diabetes, coronary artery disease, and cancer, exemplifying the utility
and diversity of these molecules3,4,5. Aptamers primarily act as antagonistic molecules
when used in a therapeutic manner, similar to many therapeutic antibodies including
adalimumab and trastuzumab. The aptamer binds to a target protein and blocks the target
from eliciting its action in the cell. However, because aptamers are rationally designed
and a variety of potential candidates can arise from a single selection, aptamers can be
designed with additional functionalities. A few examples which will be discussed include
aptamer pairs, aptamers which act as agonists, and also aptamers which can direct their
effects by combining two different aptamers into a single compound.
The RB006 aptamer is unique among therapeutic aptamers in that it also has an antidote
aptamer, RB007, which can reverse the drug action of RB0065,6. RB006 acts by blocking
factor XIa, which results in reduced clotting. However, if a patient were to become
injured while on the drug reduced clotting would result in excessive blood loss, a
problem inherent to many drugs used to treat heart disease patients. RB007 was
140

developed as an aptamer against RB006 which would bind to RB006 and prevent it from
exerting its anti-clotting effects by competing with Factor XIa. Forming an “antiaptamer” is a unique approach to making the drug effect reversible, and has not yet been
demonstrated with antibody therapeutics.
Aptamers can also act as agonists once they bind their target, inducing a response in the
cell. Diabetes results when patients either fail to produce their own insulin or become
insulin resistant. Once bound to the insulin receptor it results in a phosphorylation of the
receptor which signals downstream through multiple pathways, and signals for GLUT-4
to translocate to the plasma membrane for glucose uptake7. Once patients stop producing
insulin they are required to monitor their dietary intake and inject insulin before or after
every meal. However, like most protein based therapeutics, insulin has a limited shelflife. The IR-A48 aptamer demonstrates the specificity of aptamers by binding to the
insulin receptor and not the related insulin growth factor receptor. Intriguingly, IR-A48
binds to a site that is not bound by insulin but still results in the phosphorylation of a site
that results in GLUT-4 translocation and glucose uptake, while not activating the MAPK
pathway that can be activated with insulin8.
Recent research has shown that stimulation and repression of the immune system plays a
key role in cancer development and also in curing the disease9. Specifically, the 4-1BB
aptamer was selected against Cytotoxic T-lymphocyte-Associated Protein 4 (CTLA-4)10,
a protein that plays a major role in T-cell activation. CTLA-4 is expressed by T-Helper
cells and acts as an inhibitory signal for T-Effector cells11. The goal being that 4-1BB
would bind to and prevent T-cell regulation in the tumor environment. This strategy has
been explored using antibodies, but the use of aptamers allows for additional targeting to
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be incorporated into the molecule12. Wide spread deregulation of the immune system can
result in a plethora of autoimmune issues, indicating that targeted blockade of CTLA-4 is
preferable. This can be achieved with the use of multifunctional apatamers10. In this
scheme, two aptamers that target different targets are linked together through a variety of
means, although using base pair bridging is common as has been described in this
dissertation, there are a variety of ways to link aptamers together including polyethylene
glycol13,14. In the case of the 4-1BB aptamer, the CTLA-4 aptamer was bound to a
prostate specific membrane antigen (PSMA) specific aptamer, A10. Aptamers were
appended to each other using complimentary sequences added to the end of each aptamer.
The resulting hybrid aptamer was shown to localize to PSMA expressing tumors and
block CTLA-4 signaling specifically in the tumor region, which had not been
accomplished with antibodies previously.
The use of aptamers as therapeutics is a common application for these versatile
molecules, and there are a variety of other ways that aptamers can be used to this
purpose. While many aptamers have a therapeutic endpoint there are also other uses for
aptamers, such as in biosensors. Beyond directly eliciting an effect by binding their target
aptamers can also be used as targeting agents, as enzymes, as immune activating agents,
and a myriad of other uses.

V.2 Aptamer Complexes and Multifunctional Aptamers
Because aptamers a synthetically produced they can be modified in a variety of ways,
which allows for these molecules to be used in a variety of applications that would be
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difficult for antibody or protein based molecules to accomplish. One of the easiest and
most reliable ways to modify an aptamer is to add a short sequence onto the termini of
the aptamer which can be used to anneal a complementary strand, resulting in a link
between the aptamer and the commentary DNA or RNA. The ability to easily link
multiple aptamers together in this way has been explored using different as well as
identical aptamers, with each having its benefits. Bi or multifunctional aptamers have the
ability to localize to a specific location, where a second aptamer can then bind to a target
to elicit its effect, as previously mentioned. Aptamers can also be linked to additional
identical aptamers to increase the Kd of the complex to the target, similar to an IgM
antibody15. However, using complementary sequences to link multiple aptamers together
is not the most prevalent use of base pair binding for aptamers.
Perhaps the most popular use of base pair binding is to use aptamers as a delivery vehicle
for siRNA and other gene expression control systems. In these systems the aptamer has a
sequence introduced at one of the termini of the aptamer complementary to the siRNA.
The synthetic siRNA is then incubated with the aptamer and base pairs with it. However
siRNA does not need to be linked to the aptamer in this way, and other methods have
been demonstrated as well16. Delivery in this way results in the siRNA only being
delivered to targeted cells, reducing the accidental knockdown of genes in bystander
cells. The PSMA specific A9 aptamer was linked to siRNA against lamnin, via a
strepavidin/biotin linkage16. Doing so resulted in the knock down of regulation of laminin
in as little as 30 minutes and was as effective as using lipofectamine. The aptamer
delivered siRNA was also capable of specifically knocking down expression in PSMA
expressing cells, and resulted in no knockdown in PSMA negative cells. Aptamer
143

mediated gene expression is being explored in by many researchers as a new therapy for
cancer pateints17. One group has shown that by linking an shRNA against SMG1, a
nonsense mRNA degradation enzyme, to an aptamer against PSMA resulted in reduced
tumor growth in a xenograph mouse model18. Preventing nonsense mRNA degradation
leads to the expression of antigen like sequences on targeted cancer cells resulting in
immune recognition of the malignancy. This effect was further boosted by the use of the
immune activating aptamer 4-1BBB aptamer dimer. Additionally, aptamer-siRNA
complexes can increase the sensitivity of cancer cells to ionizing radiation by blocking
DNA repair enzyme synthesis19. An siRNA against DNA-dependent protein kinase,
DNAPK, an enzyme responsible for non-homologous end joining DNA repair, resulted in
greatly enhanced sensitivity in vitro and in vivo against PSMA expressing cells. Other
DNA repair enzymes were also targeted in this manner and showed similar results.
Aptamers enable the selective knockdown of gene products that is unparalleled an
enables the sensitization of malignant tissue while leaving healthy tissues unaffected. The
ability to specifically knockdown the expression of genes only in cells that express a
particular biomarker in vivo is has the potential to greatly increase the therapeutic index
of current therapies.
Beyond siRNA, aptamers can be used to deliver a variety of molecules ranging from
small molecule drugs, such as doxorubicin, all the way to nanoparticles which are orders
of magnitude larger than the aptamers they are bound to. Nanoparticles inherently
possess altered biodistribution because of their size, which limits the rate of extravasation
and renal excretion, but using aptamers has been shown to increase nanoparticle
localization to targeted areas in the body20,21,22. Many of the research projects in aptamer144

nanoparticle work is primarily focused on cancer treatment and detection, although
biosensors are also a popular topic of research as well. A variety of nanoparticles have
been linked to aptamers, including carbon nanotubes, gold nanoshells, liposomes, and
even other DNA constructs23,24,25. DNA-nanoparticle complexes can have a myriad of
activities due to the abundance of nanomaterials that can be delivered via aptamers. Gold
nanoparticles and carbon nanotubes are capable of absorbing near infrared irradiation and
convert that into thermal energy, resulting in ablation of the tissue. This technique results
in specific killing of the tissue where radiation was applied, however these particles can
accumulate in other tissues as well and result in nonspecific toxicity. Targeting
photothermal particles such as gold and carbon nanotubes results in high accumulation of
the therapies in desired tissues, requiring lower doses of the particle, as well as less near
IR irradiation which can cause local site burning. Because aptamers can be denatured by
thermal energy, they could be designed to either maintain their shape during the heating
process, or to unfold and release additional therapeutic molecules.
In the work presented in this dissertation we have demonstrated that aptamers can be used
to specifically deliver nanoparticles as well as doxorubicin, both of which had
chemotherapeutic properties. Generally, research in the field has focused on delivering a
single type molecule using a single aptamer. However, in clinical practice it is rare for a
single drug to be the only therapy administered for chemotherapeutic use. Additionally,
when cell types are described multiple cell markers are used to differentiate closely
related cells from each other, as a single marker is inadequate to do so. Aptamer
complexes have the ability to deliver multiple types of synergistic therapy to a specific
cell type using multiple low affinity aptamers. In this system multiple biomarkers would
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be chosen from those expressed on the cancer of interest. In the example of prostate
cancer, PSMA, Prostate Stem Cell Antigen, and the membrane bound fusion product
TMPRSS2-ERG, have been identified as possible therapeutic targets and biomarkers of
prostate cancer and could be used for this purpose26,27,28. Aptamers for these targets
would be selected using CENGS SELEX with affinity in the mid-to-high nanomolar
range. These aptamers would then be used together to target a single nanoparticle. This
would result in very high affinity for cells that express all three markers due to the
multivalent effect, an intermediate affinity for cells expressing two markers, and
relatively low affinity for cells only expressing a single marker. By targeting therapy in
this way cells that possess more malignant cells that express multiple biomarkers would
be prioritized and receive a heavier dose of drug. The use of multiple aptamers with low
affinity (MALA targeting) used in combination for highly specific targeting has not been
researched and is a topic which should be investigated in the future.
The MALA targeting system would then be used to deliver a synergistic combination of
drugs. The aptamers would be extended to include a complementary sequence for an
siRNA against HSP90, which aids cells in responding to thermal stress and has been
found to play a role in photothermal therapy resistance29. These aptamer-siRNA hybrids
would then be attached to a gold nanoparticle using terminal thiols attached to the
aptamer. This aptamer-siRNA-nanoparticle complex would localize to the tumor site,
binding particularly tightly to highly malignant cells which express all of the selected
biomarkers, and would be activated using near IR irradiation. This would result in
thermal dissociation of the siRNA from the complex and would result in the knockdown
of HSP90, sensitizing cells to thermal ablation. The thermal energy would also directly
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damage the cells. Doxorubicin could also be incorporated into the aptamer-siRNA hybrid
using chemistry described in this dissertation, and would be released as well, killing any
malignant cells that are still capable of replicating after the thermal energy dissipates.
This MALA/siRNA/drug complex could be modified to target many different types of
cells by changing the aptamers, sensitizing siRNA, and drug or nanoparticle delivered.
However, the use of MALA requires at least 3 unique aptamers with moderate affinity.
Aptamers can take months to develop and are usually selected for extremely high
affinities, which would be inappropriate for MALA, as any cell which expressed any of
the markers would bind tightly to the complex. This necessitates a SELEX process which
could rapidly identify aptamers against targets, as well as partially control the affinity of
the aptamers during the selection process. A new aptamer selection process would also
benefit those interested in identifying traditional aptamers as well.

V.3 Improving Aptamer Selection
While antibody production time and costs are difficult to estimate precisely, custom
monoclonal antibody development can take upwards of 6+ months to be completed and
includes many steps. Antigen selection and production, which must have certain
properties to illicit an immune response. Multiple injections of the antigen into an animal
to stimulate antibody production. Isolation of monoclonal antibodies for testing. Fusion
of antibody producing cells to form hybridomas. Selection of hybridomas that produce
specific antibodies, and finally production and purification of the final product from cell
culture. However, aptamer selection is not without its own set of limitations and the
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selection of aptamers can also take months to develop. SELEX is ultimately an iterative
process where selection, PCR and single strand DNA generation are repeated about a
dozen times before the aptamer library is then transfected into bacteria via plasmids and
clones are selected and individually sequenced. This time consuming process has been
recognized as a limitation to aptamer adoption over a decade ago, and attempts were
made to fully automate the selection steps of SELEX, however this method did not
become commonly used, possibly due to the cost or because it failed to optimize the
aptamer sequencing phase of SELEX30.
The time spent during the selection steps of SELEX can be reduced by using the RAPID
process, which incorporates two selections between each PCR step31. The selection of
aptamers can also be improved by removing terminal primer sequences from the random
sequence of each aptamer prior to selection steps. This prevents primer sequences from
effecting binding, which can be significant as primer sequences can make up as much as
50% of the aptamer length32. The selection of aptamers can even be done on magnetic
beads which are then used for emulsion PCR, enabling an easy separation of strands for
single strand generation33. Another method used to decrease the selection time of
aptamers is the use of capillary electrophoresis, which as demonstrated in this dissertation
can reduce the number of selection steps required to generate aptamers to a few as three
positive selections, down from 10-20. Besides the time savings afforded by CE SELEX,
reduced round of PCR are also beneficial as PCR bias can occur during SELEX, resulting
in sequences which PCR at a greater rate becoming a larger portion of the library
independent of their binding affinity34,35. Using capillary electrophoresis also allows
researchers to monitor changes in the Kd of the aptamer library during each selection,
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which is not reasonable with other SELEX techniques. Capillary electrophoresis even
been used by others to select aptamers that bind to microbes including e. coli,
demonstrating the cell SELEX may also be possible using this technique36. The use of CE
to enhance SELEX is a new development and will likely continue to grow in popularity
due to the benefits it brings over traditional selection methods.
Perhaps the technology that holds the most promise for improving the selection of
aptamers is next generation sequencing (NGS). Originally developed for genomic
analysis, NGS sequences every sequence in a pool of DNA simultaneously and can
quantify how many copies of that sequence were present. This technology is making its
way into use for SELEX as well, which allows researchers to sequence entire aptamer
libraries without having to sequence individual bacterial clones. NGS has been used to
follow the evolution of an aptamer library with each successive selection37. In this
dissertation it is described how the data obtained from NGS can also be used to inform
modifications to aptamers after they are selected. NGS is vital to developing methods of
high throughput SELEX which can be used to identify multiple aptamers
simultaneously38,39.
V.4 Conclusions
Aptamers are powerful tools which can be used for a variety of purposes. They serve
many of the same functions as antibodies for research purposes, but they can be identified
and produced in an entirely synthetic system. The chemistry that is used for synthetic
DNA synthesis is well established and can be manipulated in a variety of ways, enabling
researchers to modify aptamers to achieve a myriad of goals. The enzymatic stability of
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aptamers can be increased, they can be attached to a wide variety of molecules using
thiol, amine, alkyne, or even base pair linkages. Unnatural DNA bases or sugars can be
incorporated directly into the aptamer during synthesis to create inherently cytotoxic
aptamers which can hone to disease sites due to the aptamer’s specificity.
This dissertation has covered in depth many of the ways that aptamers can be used to
specifically deliver many types of payloads to their targets. In particular, the development
of a novel, pH sensitive linkage between DNA and the chemotherapeutic doxorubicin is
described. This novel linkage is used to deliver the drug via folate targeted hairpins and
aptamers alike. The PSMA specific aptamer, SZTI01, is shown to deliver a zinc chelator
via aptamer targeted liposomes. This results in specific killing of prostate cancer cells in
vitro and in vivo via reactive oxygen species. It is likely this mechanisms acts through
Superoxide Dismutase I, although this was not directly proven in this dissertation and
remains an avenue of future research. A novel method of SELEX was described which
utilizes both capillary electrophoresis to reduce the number of selection steps necessary
and next generation sequencing which eliminates the need for individual clonal
sequencing of aptamers. This technique can be used to rapidly select aptamers at a pace
that opens up new avenues for aptamer research. In the past single aptamers were
selected for the highest possible affinity for a single target, in part due to the time
investment needed to develop a single aptamer. While this would result in tight binding
to malignant cells that over express the target healthy cells commonly express the same
marker, resulting in off target delivery of the aptamer’s payload. In the future CENGS
SELEX can be used to quickly select for multiple aptamers which have a relatively low
affinity for their respective targets. Combining these aptamers together using either a
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nanoparticle or DNA base pairing would result in an aptamer complex which would have
low affinity for a cell expressing any one of the markers of interest, but high affinity for a
cell expressing all three targets due to the multivalent effect. Utilizing multiple aptamers
with low affinity (MALA) targeting would allow more specific targeting of cells, as
opposed to specific targeting of single markers.
This dissertation work has sought to expand the knowledge base of what is possible with
aptamers, in particular with drug delivery and aptamer production. Although not
discussed here at length, aptamers can be tailored to suit a variety of specific roles as
defined by the researcher beyond delivery systems. They can be utilized as antibody
replacements for molecular assays, biosensors, and even as catalytic molecules. The
flexibility of aptamers is rare among molecules that are so accessibly produced. While the
SELEX method was first described in the early 1990’s aptamers are only in the past few
years beginning to be realized for their potential, and with further developments making
their production faster and more reliable the popularity of these versatile molecules
should increase exponentially in the years and decades to come.
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A1.1 Abstract:
Treatment with doxorubicin (Dox) results in serious systemic toxicities that limit
effectiveness for cancer treatment and cause long-term health issues for cancer patients.
We identified a new DNA aptamer to prostate-specific membrane antigen (PSMA) using
fixed sequences to promote Dox binding and developed dimeric aptamer complexes
(DACs) for specific delivery of Dox to PSMA+ cancer cells. DACs are stable under
physiological conditions and are internalized specifically into PSMA+ C4-2 cells with
minimal uptake into PSMA-null PC3 cells. Cellular internalization of DAC was
demonstrated by confocal microscopy and flow cytometry. Covalent modification of
DAC with Dox (DAC-D) resulted in a complex with stoichiometry ~4:1. Dox was
covalently bound in DAC-D using a reversible linker that promotes covalent attachment
of Dox to genomic DNA following cell internalization. Dox was released from the DACD under physiological conditions with a half-life of 8 hours, sufficient for in vivo
targeting. DAC-D was used to selectively deliver Dox to C4-2 cells with endosomal
release and nuclear localization of Dox. DAC-D was selectively cytotoxic to C4-2 cells
with similar cytotoxicity as the molar equivalent of free-Dox. In contrast, DAC-D
displayed minimal cytotoxicity to PC3 cells, demonstrating the complex displays a high
degree of selectivity for PSMA+ cells. DAC-D displays specificity and stability features
that may be useful for improved delivery of Dox selectively to malignant tissue in vivo.

Keywords: aptamer, chemotherapy, prostate cancer, prostate-specific membrane antigen
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A1.2 Introduction:
Cell-specific delivery of cytotoxic drugs via passive1 and active targeting2 is an important
objective in order to improve cancer chemotherapy.3 Successful targeting requires the
targeting vehicle to have appropriate dimensions for tumor localization via the enhanced
permeability and retention effect4 and to bind with high affinity to an antigen that is
specifically expressed by targeted cells. Successful drug delivery via a targeted approach
must meet additional requirements regarding the stability of the drug complex–drug must
be retained in the complex during targeting which may take several hours, but released
from the complex after binding to the targeted cell. Drug delivery should also be
efficient, releasing multiple drugs for each successfully targeted complex. There is a
strong need for new targeted drug delivery approaches that display stability with high
payload delivery.
Prostate-specific membrane antigen (PSMA) is of interest for selective delivery of
therapeutics for cancer treatment as a consequence of its elevated expression on the
apical plasma membrane5 of prostate cancer (PCa) cells and in endothelial cells of
vasculature from diverse malignancies. PSMA is an exopeptidase6 with folate hydrolase
and NAALADase (N-acetylated α-linked acidic dipeptidase) activities. PSMA also
associates with the anaphase-promoting complex and its expression may promote
aneuploidy.7 PSMA is expressed by prostate epithelial cells,8 however, elevated PSMA
expression occurs in advanced PCa, including bone metastases9 and PSMA expression
levels are an independent predictor of PCa recurrence.10PSMA is also expressed in
vasculature11 from many different cancers including a high percentage of
bladder,12 gastric, and colorectal,13 as well as hepatocellular, renal, breast, and ovarian
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cancer.6 PSMA is expressed as a dimer,14 and dimerized ligands targeting the PSMA
dimer display improved activity relative to monovalent ligands.15
The restricted expression of PSMA has resulted in numerous attempts to both image and
treat cancer with PSMA-targeted diagnostic and therapeutic modalities. Three classes of
molecules have been most frequently employed in these targeted applications:
monoclonal antibodies such as J591, RNA aptamers such as A10-3, and small molecule
inhibitors of PSMA enzymatic activity. Radiolabeled conjugates of J591 are being
investigated for treatment of advanced PCa16 and have been utilized for cancer imaging.
PSMA inhibitors have been used to deliver theranostic nanoparticles to cancer
cells.17 The A10-3 RNA aptamer to PSMA has been used to deliver diverse therapeutic
modalities selectively to cancer cells including cisplatin,18,19functionalized
nanoparticles,20 a micelle-encapsulated PI3K inhibitor,21 as well as toxins22, and small
interfering RNA.23,24 Aptamer targeting of PSMA may be particularly beneficial for
delivery of anticancer drugs that have serious systemic toxicities, such as doxorubicin
(Dox). Dox is among the most widely used chemotherapy drugs, however, treatment
results in a serious, occasionally lethal cardiotoxicity that may manifest years after
treatment, necessitating the development of selective delivery approaches.
The current approaches to Dox delivery using RNA aptamers have several limitations
that may be overcome to improve treatment outcomes. Current RNA aptamers are costly
to produce, require modified nucleotides for nuclease stability and Dox is generally
noncovalently associated with the aptamer. Noncovalent complexes of Dox with duplex
DNA have limited stability with half-lives of only a few minutes (or less) and it is
unlikely that noncovalent complexes of Dox with aptamers would be sufficiently stable
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for optimal in vivo activity. Here, we report a new strategy for improved targeted delivery
of Dox to PSMA+ cancer cells using a novel dimeric DNA aptamer complex bound to
Dox through a pH-sensitive linker. PSMA is expressed on the plasma membrane as a
dimer, and dimerized ligands targeting PSMA display improved activity relative to
monovalent ligands.15 We formed a dimeric aptamer complex (DAC) to take advantage
of the dimeric nature of PSMA. As our goal was to efficiently deliver multiple Dox per
DAC, we included 5′-dCpG, the preferred binding site for Dox, interspersed in the
primers used for PCR amplification during SELEX to permit Dox-binding motifs to be
retained in the final DNA aptamer sequence (Figure 1). We employed a novel strategy in
which the priming sequences were imperfectly matched to fixed sequences within the
template, permitting aptamer length to vary during the selection process. We identified a
48 nucleotide DNA aptamer (SZTI01, Supplementary Figure S1) using an affinity
matrix consisting of the extracellular domain of human PSMA.

A1.3 Results:
Thermal stability of DACs
A key design feature for our strategy to deliver Dox to PCa cells was the formation of a
duplex DNA “bridge” linking the two DNA aptamers in the DAC (Figure 1). The
bridging DNA duplex is designed to be sufficiently thermally stable such that the DAC
remains intact under physiological conditions for times sufficient for aptamers to localize
specifically to targets in vivo, and includes a preferred site for Dox binding (CpG). The
fixed sequences used during the aptamer selection process also included preferred sites
for Dox binding that are included in the final DAC structure. Thermal melting profiles

162

were obtained for DACs with and without Dox modification to evaluate stability of these
complexes and any effects Dox may have on thermal stability (Figure 2). The
temperature-dependent ultraviolet (UV) melting profile for the dA16:T16 DAC indicated
some reduction in secondary structure at temperatures less than 30°C with initial
dissociation of the dimeric complex at ~41 °C with a dissociation temperature of ~47 °C.
While dissociation for this dimeric complex occurred above physiological temperature,
increased stability would be preferred to promote long-term stability under physiological
conditions. Further, the A-T duplex used to form this dimeric complex did not include a
preferred Dox-binding sequence motif. We prepared an alternative DAC by appending
GCCG and CGGC sequences to the 5′- and 3′-ends of the A16:T16 DNA duplex-forming
sequences (Figure 1). The resulting DAC displayed a dissociation temperature of ~58 °C,
thus displaying stability suitable for further development. Covalent modification of DAC
with Dox (DAC-D) further enhanced complex stability, and the DAC-D complex
displayed minimal change in absorbance for temperatures lower than the melting
temperature consistent with Dox stabilizing DAC structure (Figure 2a). The secondary
structure and thermal stability of DAC were further investigated using circular dichroism
spectroscopy (Supplementary Figure S2). The DAC complexes displayed circular
dichroism spectra typical of B-form DNA with a maximum at 283 nm and a minimum at
248 nm consistent with the tail-forming sequences forming the target structures. Covalent
modification with Dox in the DAC-D complex has no discernible effect on overall
secondary structure for the complex although a slight sharpening in the peaks was noted.
The DAC-D complex displayed less sensitivity to increased temperature relative to DAC
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and DAC + Dox indicating covalent modification with Dox stabilizes the overall
complex.

Formation and dissociation of covalent Dox conjugates
The duplex DNA-binding motif stabilizing the DAC has the potential for binding two
equivalents of Dox per complex. In addition, the DNA aptamers comprising the complex
contained other CpG sites for potential Dox binding (Figure 1). We formed a covalent
complex between the DAC and Dox (DAC-D) by mixing the dimeric complex with a
fourfold excess of Dox in the presence of formaldehyde. We formed covalent linkages at
4:1 stoichiometry (Supplementary Figure S3; Supplementary Table S1) and evaluated
Dox transfer from the resulting covalent complex (DAC-D) in which Dox fluorescence is
effectively quenched to an excess of a 25mer DNA hairpin in which Dox fluorescence is
less effectively quenched. These studies revealed the half-life for Dox covalently bound
in DAC-D via formaldehyde was >8 hours (Figure 2b), while the dissociation of the
noncovalent complex was too rapid to measure using this assay, but is fully dissociated in
≤5 minutes. These studies indicated that covalent attachment of Dox results in formation
of a complex with increased retention of Dox that is well suited for drug delivery
applications in vivo.

PSMA-specific uptake of dimeric complexes
The selective delivery of Dox to PSMA+ cells requires binding and ideally internalization
of the complex. To evaluate to what extent the DAC was specific for binding and
internalization into PSMA+ cells, we compared internalization of the complex in
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PSMA+ C4-2 cells and PSMA-null PC3 cells using confocal microscopy and flow
cytometry. The component of the dimeric complex containing dA16 single-stranded
(ssDNA) was labeled with Quasar 570, while the component with T16 ssDNA was labeled
with Quasar 670 permitting simultaneous detection and visualization of each aptamer
component. Confocal microscopy revealed minimal uptake of either fluorescently labeled
aptamer into PC3 cells, however, strong signal was observed for each fluorescent aptamer
signal in PSMA+ C4-2 cells (Figure 3). Further, fluorescence emitted from each of the
two aptamers was completely colocalized consistent with uptake and retention of the
DAC in dimeric form. Fluorescence emitted from the aptamer complexes appeared
punctate, with nuclear exclusion, consistent with endosomal localization of the DAC
which was confirmed by colocalization with the endosomal marker fluorescein
isothiocyanate–dextran (Figure 4). Flow cytometry also confirmed specificity of DAC for
PSMA+ C4-2 cells (Supplementary Figure S4). Preincubation of C4-2 cells with J591
PSMA-specific monoclonal antibody attenuated DAC uptake consistent with PSMAspecific internalization (Figure 5a).

PSMA-specific delivery of Dox
The serious toxicities associated with Dox treatment indicate that premature release of
Dox from targeting vehicles is likely to be therapeutically detrimental. In this regard,
noncovalent complexes of Dox with DNA have demonstrated improved toxicity profiles
relative to free-Dox,25 however covalent linkage of Dox with a targeted DNA vehicle
should markedly enhance efficacy and reduce systemic toxicities by limiting Dox
dissociation while in circulation. We devised a strategy to covalently attach Dox to the
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DAC using formaldehyde, a strategy previously shown to promote covalent complex
formation of Dox with genomic DNA.26 The specific delivery of Dox to PSMA+ cells
using DAC-D was evaluated using confocal microscopy (Figure 5b). While
noncomplexed Dox readily accumulated in the nuclei of both PC3 and C4-2 cells, Dox
delivered using DAC-D internalized nearly exclusively into C4-2 cells with minimal
accumulation in PC3 cells. Dox fluorescence was exclusively nuclear, while the aptamer
fluorescent signal from DAC-D displayed nuclear exclusion consistent with Dox
becoming dissociated from the DAC-D following cellular internalization. These results
are consistent with Dox becoming dissociated in the acidic environment of the endosome
following cell uptake of DAC-D followed by nuclear localization of Dox. The results
demonstrate PSMA-specific uptake of the DAC-D complex with nuclear delivery of Dox.

PSMA-dependent selective cytotoxicity
Paramount to targeted drug delivery is selective cytotoxicity towards targeted cells with
minimal damage to nontargeted cells. The specificity of DAC-D for PSMA+ cells was
evaluated using cell viability assays in PC3 and C4-2 cells. The results are shown
in Figure 6. Free-Dox was highly cytotoxic to both PC3 and C4-2 cells consistent with
the wide-spectrum activity previously reported (Supplementary Figure S5). In contrast,
Dox delivery via DAC-D was highly cytotoxic towards C4-2 cells, but displayed greatly
reduced cytotoxicity to PC3 cells. For example, at Dox concentrations that resulted in
~90% reduction in viability for free-Dox (2 μmol/l), the same amount of Dox
delivered via DAC-D displayed greater than 80% potency towards targeted C4-2 cells
and less than 50% of cytotoxic activity towards PC3 cells. An especially challenging
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situation for targeted drug delivery occurs when targeted cells are in close proximity to
nonmalignant cells as arises in metastases to vital organs. In this case, highly localized
cytotoxicity is desirable. To simulate this challenging environment, we performed
coculture of luciferase-transfected C4-2 cells (C4-2-luc) with PC3 cells and assessed the
viability of each cell line in coculture independently (Figure 6). Preliminary studies
demonstrated that C4-2-luc and C4-2 cells displayed no significant difference in viability
in response to Dox or the DAC-D complex (Supplementary Figure S5). The response of
C4-2-luc cells in coculture with PC3 cells was similar to C4-2 cells in monoculture with
DAC-D retaining greater than 80% cytotoxicity in the mixed environment. In contrast,
PC3 cells in coculture with C4-2-luc cells showed markedly decreased response to DACD relative to studies in monoculture (P < 0.05). The results are consistent with the DACD undergoing selective internalization into targeted PSMA+C4-2 cells, reducing the
DAC-D available for nonspecific uptake into nontargeted PC3 cells.

A1.4 Discussion:
Aptamer-mediated delivery is a promising technology for improving the therapeutic
index of cytotoxic drugs that cause serious systemic toxicities, such as Dox. We
identified a new DNA aptamer to PSMA and developed a DAC to take advantage of
PSMA being expressed as a dimer. Our objective was to use the DAC as a scaffold for
high-capacity drug delivery. The process used for aptamer identification was designed to
identify DNA sequences that included preferred Dox-binding sites (e.g., 5′-CpG). We
also developed a process for covalent modification at the preferred binding sites with
Dox resulting in a high-capacity (4:1) payload. The covalent linkage utilized is pH-
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sensitive releasing free-Dox in the acidic environment of endosomes following
internalization into targeted cells. Released Dox migrates to the nucleus and binds
genomic DNA interfering in replication and mitosis, while the DAC is retained in the
cytosol. The resultant DAC-D complex is internalized selectively into PSMA+ cells and
is highly cytotoxic to these cells while displaying minimal effects to PSMA-null cells.
Importantly, this high degree of selectivity is retained in the context of coculture
experiments in which PSMA+ cells retain full sensitivity to the targeted complex even
while cocultured adjacent PSMA-null cells are not affected. It is anticipated that DAC-D
complexes will be highly effective antitumor agents in vivo with minimal systemic
toxicity.
DACs have potential advantages relative to monomeric aptamers for drug delivery
applications in terms of target selection, target avidity, physical and chemical stability,
higher payload capacity, improved pharmacokinetics, and utility if partly damaged–
among other properties. The present studies utilized a DAC with both components
targeting PSMA which is expressed as a dimer. The length of the 24 base pair DNA
duplex connecting the component aptamers is approximately 70 Å which is similar to the
dimensions of the PSMA dimer making it possible for the component aptamers to bind
simultaneously, although optimization of DAC dimensions would be required to fully
optimize simultaneous binding. The structure of the DAC utilized in the present studies
was stable under physiologically relevant conditions and useful for high-capacity drug
delivery with a 4:1 stoichiometry payload. In principle, additional Dox-binding sites can
be included into the structure to further enhance drug delivery potential.
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The chemical linkage used for covalent Dox attachment enables convenient synthesis
with high yields and straightforward purification. While this approach is readily scaled
for in vivo studies and eventual clinical applications, perhaps the most important
advantage of using this chemistry for Dox delivery is that Dox is readily released from
the DAC-D under moderately acidic conditions (pH <6) that occur in endosomes
following cellular internalization, or possibly in the tumor microenvironment. Dox
released from endocytic DACs readily translocates to the nucleus and is capable of
exerting cytotoxicity to a similar extent as free-Dox which acts via topoisomerase 2
poisoning. Formaldehyde released from the DAC-D upon acid-mediated dissociation has
the potential to promote Dox binding to genomic DNA,27,28 thus formaldehyde is not
merely a passive chemical linkage, but may also potentiate genomic DNA binding of Dox
released from the DAC-D delivery vehicle. This approach has advantages relative to
strategies that use covalent linkers that lack this potential for enhancing genomic DNA
binding by released Dox.
Aptamers may be prepared more cost effectively relative to monoclonal antibodies and
are more amenable to chemical derivation for drug delivery applications. PSMA has
emerged as a favored target for aptamer-mediated delivery of cytotoxic drugs and
nanoparticles because of its elevated expression in advanced PCa and in the vasculature
of diverse malignancies. The majority of studies described for PSMA targeting with
aptamers have used variants of the A10 RNA aptamer.22 While these studies have
demonstrated target selectivity, there is a need for new aptamers that display improved
targeting distinction and that retain the cytotoxic payload to a greater extent during
delivery. We have identified a new DNA aptamer to PSMA, and developed a dimeric
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complex that displays a high degree of selectivity for PSMA+ cells similar to the A10
RNA aptamer (Supplementary Figure S6).
Improved pharmacokinetic properties and reduced cardiotoxicity are important
characteristics for Dox delivery that improves treatment outcomes for cancer patients. In
this regard, the liposomal formulation, Doxil, has demonstrated decreased blood
clearance and reduced cardiotoxicity relative to free drug. Doxil is not specifically
targeted to malignant cells, and delivery that includes active targeting is expected to
further increase treatment efficacy. The DAC-D described here has molecular weight
(~45 kDa) suitable for prolonged retention in plasma as well as tumor localization via the
enhanced permeability and retention and with specificity for malignant cells via PSMA
targeting. Future studies will investigate the pharmacokinetic properties of DAC-D as
well as systemic toxicities and efficacy towards in vivo models of cancer. Based on
previous studies showing DNA delivery of Dox-reduced cardiotoxicity,25 we expect
DAC-D to have minimal cardiotoxicity. Ultimately, we expect DAC-D to prove useful
for clinical management of cancer.
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Figure 1: Secondary structure of the dimeric aptamer complex containing CpG
sequences appended to the ends of the dA16 (red bases) or T16 (green bases). Red
boxes indicate potential doxorubicin-binding sites.
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Figure 2: Physical characterization of DAC and DAC-D. (a) The Tm of DAC and
DAC-D was determined by measuring the ultraviolet absorbance at 260 nm and by
heating the samples at 0.7 °C/minute. (b) Dox fluorescence was measured by exciting the
sample with a 532 nm laser and reading the emission at 580 nm. The calculated half-life
of transfer from DAC-D was found to be 8.27 hours. Error bars represent mean ± SD.
DAC, dimeric aptamer complex; DAC-D, dimeric aptamer complex with doxorubicin.
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Figure 3: Cells were incubated with 1 μm of dimeric aptamer complex (DAC) for 2
hours before being fixed and imaged. Confocal microscopy shows DAC binds to and is
internalized by (a) the prostate-specific membrane antigen (PSMA)+ cell line C4-2, but
not by (b) the PSMA-null cell line PC3. Colocalization studies (dT16 Quasar 570/green,
dA16 Quasar 670/red) confirm DAC internalization as a dimer in C4-2 cells.
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Figure 4: Cells were incubated with 1 mg/ml FITC–dextran (70 kDa) and 1 μmol/l
DAC for 2 hours before fixation and imaging. Colocalization of FITC–dextran
(70 kDa; green) with DAC (red) in C4-2 cells confirms the DAC enters the cell through
endosomes. DAC, dimeric aptamer complex; FITC, fluorescein isothiocyanate.
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Figure 5: Specificity of DAC complexes for PSMA+ cells. (a) C4-2 cells were incubated
with the prostate-specific membrane antigen–specific antibody J591 for 30 minutes
before washing and fixation using formaldehyde. Cells were then treated with DAC for
20 minutes and imaged using confocal microscopy. (b) Cells were incubated with either 1
μmol/l Dox, 1 μmol/l Dox premixed with 250 nmol/l DAC, or 250 nmol/l DAC-D (1
μmol/l Dox equivalent) for 2 hours before fixation and imaging. Dox shows nuclear
localization in all cells. The use of DAC to deliver Dox results in reduced Dox delivery to
PC3 cells. DAC, dimeric aptamer complex; DAC-D, dimeric aptamer complex with
doxorubicin; Dox, doxorubicin; FITC, fluorescein isothiocyanate.\
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Figure 6: PC3 and C4-2 cells were incubated alone or in coculture and were treated
with DAC-D, DAC + Dox, or free-Dox for 24 hours. Media was replaced and cells
were allowed to grow for 48 hours before determining viability. Percentage of Dox
retained was found by comparing the viability of DAC-D (or DAC + Dox) with Dox.
There is no statistical difference between C4-2 cells alone versus C4-2 cells in coculture,
however there is a significant reduction in cytotoxicity for PC3 cells in coculture versus
PC3 cells alone (P < 0.05). Error bars represent mean ± SEM. DAC, dimeric aptamer
complex; DAC-D, dimeric aptamer complex with doxorubicin; Dox, doxorubicin.

A1.5 Materials and Methods:
DNA SELEX. Recombinant human PSMA extracellular domain (720 amino acids) was
expressed from baculovirus (Kinakeet Biotechnology, Richmond, VA). The recombinant
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protein included a His-tag sequence that was used to form an affinity matrix using Talon
beads which was then used in a DNA SELEX procedure to identify DNA aptamers to
PSMA. DNA aptamers were selected from a library including a 47 nucleotide random
sequence flanked by fixed sequences of 21 nucleotides each. The fixed sequences
selected permit formation of short hairpins in the final aptamer that include stem regions
with sequence elements favorable for Dox binding (underlined). The sequence for the
random library was:
dGCGAAAACGCAAAAGCGAAAA(N47)ACAGCAATCGTATGCTTAGCA
Initially, 8-μg ssDNA from the random library (307 pmol of DNA; 186 trillion
sequences) was converted to double-stranded DNA (dsDNA) using a T7 fill-in reaction
and amplified by PCR using primers that were imperfectly matched to the template.
5′ dGCGTTTTCGCTTTTGCGTTTT (forward)
5′ dAGCATTGCTATCGTAAGCAGA (reverse)
The 5′-primer was synthesized with a 5′-phosphate and the resulting dsDNA was
converted to ssDNA using λ-exonuclease to selectively cleave the strand amplified with
the phosphorylated primer. SELEX forward rounds were performed by adding 1 mg of
PSMA bound to Dynabeads Talon (Invitrogen, Oslo, Norway) to 700 μl of binding buffer
(100 mmol/l NaCl, 20 mmol/l Tris, 2 mmol/l MgCl2, 5 mmol/l KCl, 1 mmol/l CaCl2,
0.2% Tween-20, pH 8). The beads were removed using a Dynal magnet (Invitrogen) and
were washed four times with binding buffer. At least 10 μg of ssDNA was annealed by
heating to 95 °C followed by gentle cooling and was added to the PSMA matrix followed
by vortexing and incubation for 1 hour at 37 °C with mild agitation. The supernatant was
removed and 20 μl of 5 μmol/l 5′-phosphorylated primer was added to the beads and the
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mixture was heated to 95 °C for 5 minutes following which the beads were sequestered
and the supernatant transferred to a clean microfuge tube and DNA converted to dsDNA
using a primer extension reaction using T7 polymerase. DNA was collected by ethanol
precipitation and then amplified by 10 cycles of PCR using a phosphorylated 3′-primer.
The dsDNA was purified by gel electrophoresis followed by ethanol precipitation and
then converted to ssDNA by treating 32–40 μg of dsDNA with λ-exonuclease for 30
minutes at 37 °C followed by ethanol precipitation. The resulting ssDNA was analyzed
by gel electrophoresis and quantified by UV absorbance and used in a subsequent
SELEX forward or counter round. Counter rounds differed from forward rounds by
incubation with a magnetic bead matrix that did not contain PSMA and using the DNA
that did not bind to the matrix for subsequent PCR amplification. A total of 10 forward
and two counter rounds were performed. After the final SELEX round, ssDNA was
converted to dsDNA using a T7 fill-in procedure and was cloned into a pGEM vector
(Promega, Madison, WI) for sequencing. A single, 48 nucleotide sequence (SZTI01) was
identified and used in subsequent studies.
SZTI01: dGCGTTTTCGCTTTTGCGTTTTGGGTCATCTGCTTACGATAGCAATGCT
PSMA-specific aptamer synthesis. The DNA aptamer sequences were synthesized at
either the University of Calgary (Calgary, Alberta, Canada) or IDT (Coralville, IA).
Aptamers were reconstituted in sterile, nuclease-free H2O at 100 μmol/l. DACs were
prepared from aptamers that included either a dA16 or T16 single-stranded tail at the 3′terminus (dA16:T16 DAC) by mixing the two monomers at 1:1 ratio followed by heating
to 95 °C and gentle cooling. The DAC used for these studies (unless otherwise indicated)
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included the sequences dCGGCA16GCCG or dCGGCT16GCCG. The secondary structure
for the DAC calculated using m-fold is shown in Figure 1.
Synthesis of DAC-D complexes. The covalent complex of DAC-D was prepared by
mixing 250 μl of a 50 μmol/l solution of the DAC with a Dox–formaldehyde solution
prepared upon incubation of a 0.37% formaldehyde solution in Dulbecco's phosphatebuffered saline (PBS) without calcium or magnesium pH 7.4 with Dox. The reaction
proceeded in a light-free manner at 4 °C for 48 hours. The solution was extracted once
with 300 μl of phenol:chloroform followed by two additional extractions with 300 μl
chloroform. The aqueous phase was then ethanol precipitated and the pellet rinsed 2×
with 70% ethanol and once with absolute ethanol and dried under reduced pressure. The
red pellet was resuspended in 100 μl dH2O. Yields were typically >90% based on DNA
recovery.
Determination of Dox:DNA ratios. DNA samples were prepared in dH2O and
absorbencies were measured from 200–800 nm using a Beckman Coulter DU-800
spectrophotometer (Beckman Coulter, Brea, CA). A standard curve of Dox was
established between 1 and 10 μmol/l by using absorbencies at 494 nm at 85 °C. To assess
the amount of Dox covalently bound to DNA, the samples were heated to 85 °C before
measuring the absorbance at 494 and 260 nm. The 260 nm wavelength was used to
determine the DNA content in the sample and to determine the Dox:DNA ratio.
Dox transfer from DAC-D. Samples of DAC-D or the noncovalent complex (DAC + D),
or free-Dox 625 nmol/l were prepared in Dulbecco's PBS with or without a 100-fold (by
weight) excess of a 25mer DNA and were incubated at 37 °C. Changes in fluorescence
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intensity were determined using a Typhoon-9210 variable mode imager with excitation
set to 532 nm and the emission filter at 580 nm.
Temperature-dependent UV studies. Temperature-dependent UV absorption spectra were
obtained using a Beckman Coulter DU-800 UV-Vis spectrophotometer. Samples of
DAC, DAC-D, and DAC + D were prepared. The temperature was increased at a rate of
0.7 °C/minute over the range 20–85 °C and absorbance at 260 nm was measured for each
sample (400 μl and 1 μmol/l) concentration.
Cell lines. The C4-2 cell line was a gift from Dr Elizabeth M Wilson (University of North
Carolina, Chapel Hill, NC). C4-2-Luc cell line was generated by transfecting C4-2 cells
with pTRE2hygro and firefly luciferase (PGL3). PC3 cells were purchased from cell and
viral vector core laboratory at Wake Forest School of Medicine. All cells were
maintained with RPMI 1640 (Gibco, Grand Island, NY) with 10% fetal bovine serum
(Gemini Bio-Products, West Sacramento, CA). All cells were kept at 5% CO2 at 37 °C.
Confocal microscopy. Cells were seeded at 20,000 cells/well in 8-well Lab-Tek II
chambered #1.5 German Coverglass System (Thermo Fisher Scientific, Waltham, MA),
and incubated at 37 °C under 5% CO2 for 2 days. Cells were incubated with 1 μmol/l of
DAC in which the dA16 aptamer was labeled with Quasar 570 at the 5′-terminus and the
T16 aptamer was labeled with Quasar 670 dyes in RPMI medium with 10% fetal bovine
serum for 2 hours at 37 °C. Cells were washed with fresh media and Dulbecco's PBS,
followed by a 5 minutes fixation with 3.7% formaldehyde in Dulbecco's PBS. Cells were
visualized using a Zeiss LSM510 confocal microscope (Carl Zeiss, Oberkochen,
Germany). Cells were also incubated with 1 μmol/l of DAC-D (or the noncovalent DAC
+ D) for 2 hours. DACs were only labeled with Quasar 670 for these studies as the
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Quasar 570 emission would interfere with the Dox emission. Cells were washed, fixed,
and imaged using identical procedures.
Flow cytometry. PC3 and C4-2 cells were incubated with 1 µmol/l of DAC for 2 hours at
37 °C. Dimers were fluorescently labeled with either Quasar 570 or 670 alone, or both.
Cells were trypsinized and washed with PBS twice. Cells resuspended in PBS were
analyzed to measure their intracellular fluorescence using the Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA).
Cytotoxicity measurements. PC3, C4-2, and C4-2-Luc cells were seeded at a density of
3,000 cells/well in 96-well plates and incubated at 37 °C under 5% CO2. Next day, the
cells were treated with Dox, DAC + Dox, or DAC-D for 24 hours. Next day the treatment
was removed, cells were washed once with warm fresh media and incubated for another
48 hours in fresh media. Cell counts were measured indirectly by measuring the ATP
amounts using CellTiter-Glo luminescent cell viability assay (Promega) according to the
manufacturer's protocol. In coculture experiments, PC3 and C4-2-Luc cells were each
seeded at a density of 1,500 cells/well in 96-well plates. Cocultured cells were treated
with Dox, DAC + Dox, or DAC-D and cell viability was also measured using the
CellTiter-Glo assay. Luciferase levels were measured for cocultures of PC3 and C4-2Luc cells using a luciferase reporter assay system (Promega). PC3 and C4-2-Luc cells
were seeded and treated as described above and the cells were lysed and luciferase
activity was measured according to the manufacturer's protocol.
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A1.6 Supplementary Material

Figure S1. The sequence of the SZTI01 aptamer.

Figure S2. Circular dichroism spectra were acquired at three temperatures (as indicated)
at wavelengths 200–350 nm and a graph of the temperature-dependent reduction in
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ellipticity, which is less for DAC-D than DAC, is displayed.

Figure S3. A standard curve for Dox was established by measuring the absorbance of
Dox at 494 nm at 85 °C.
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Figure S4. Flow cytometry was performed by incubating cells with DAC for 2 hours
before measuring the amount of fluorescence emitted by either Quasar 670 or Quasar 570
as a read-out for aptamer internalization.

Figure S5. Cells were treated with drugs for 24 hours.
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Figure S6. Relative binding of the A10 RNA aptamer and SZTI01 to C4-2 cells is
similar.

Abs at

Abs at

Dox Conc

DNA Conc

498nm

260nm

(µM)

(µM)

Dox:DNA

DAC-D 1

0.0358

1.0223

3.48

0.793

4.388398

DAC-D 2

0.0272

1.0084

2.85

0.768

3.710938

DAC-D 3

0.0376

1.61

4.02

1.19

3.378151

avg

3.825829

std dev

0.51483

Table S1. Absorbance values for DAC-D complexes of different aptamer:Dox ratio.
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Education
PhD, Wake Forest University
Molecular Medicine and Translational Science
BS, Berry College
ACS Certified Biochemistry, Biology double
major

July 2011 - April 2016

August 2007 – May
2011

Research Experience
The Use of DNA as a Specific Delivery Vehicle for
Chemotherapeutics
Supervisor: William Gmeiner
 Conjugation of Doxorubicin to small hairpin
and aptamer DNA via a novel pH sensitive
linkage
 Cell culture and sterile techniques
 Biophysical characterizations of DNA by
UV absorption, circular dichroism, NMR,
gel electrophoresis and mass spectrometry
 Synthesis of propargylated folate derivatives
for attachment to small hairpin DNA
 Synthesis of aptamer targeted liposomes for
drug delivery
 Confocal microscopy
 Design experiments to evaluate increased
specificity of targeted drug-DNA and
aptamer conjugates in vitro
 Design experiments to evaluate synergy of
multiple drugs on malignant cells
 Design in vivo experiments to evaluate the
toxicity and localization to tumors of
Aptamer targeted nanoparticles.
 Evaluate aptamers for cell binding and
internalization
 Design and identify aptamers using capillary
electrophoresis based SELEX techniques
and NGS sequencing
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February 2011 - April 2016
Winston-Salem, NC
Wake Forest University

Immobilization of Jacobsen-Like Catalyst on Gold
Electrodes
Supervisor: Kevin Hoke
Department of Chemistry, Berry College
 Prepare and evaluate the efficiency of
organic reactions of catalysts
 Optimize reaction conditions to overcome
low yields and separation issues
 Synthesized asymmetric variations of
Jacobsen's catalyst and test for catalytic
activity, Functionalized acetylacetone with
an alkyne, synthesized azide terminated thiol
for click chemistry.
 Utilize functionalized catalysts for surface
modification of gold electrodes for testing
oxidation-reduction potentials involved in
catalyzed olephin epoxidation
Gene Expression in Corals affected by Caribbean Yellow
Band Disease
Supervisor: Michael Morgan
Department of Biology, Berry College
 Optimize PCR conditions and identify ideal
control genes For RT-PCR
 Design custom primers from sequences
extracted from wild corals
 Develop RT-PCR methods used to identify
altered gene expression in diseased versus
healthy coral
Isolation of BLV-GAG
Supervisor: Dominic Qualley
 Design and create plasmids for cloning of
the GAG region of the Bovine Leukemia
Virus
 Transfect bacteria with plasmids and isolate
genetic material from colonies for
sequencing
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May 2009-May 2011
Mount Berry, GA
Berry College

August 2010-May 2011
Mount Berry, GA
Berry College

August 2010-May 2011
Mount Berry, GA
Berry College

Selected Work and Leadership
Experience








o


Gmeiner Lab Student Training
o Over the course of my 4th and 5th years in
the lab I trained and helped manage 4
undergraduate and 4 master level students.
o This involved lab safety, experiment
planning, discussing results, data analysis,
trouble shooting, and communicating goals
from the PI.
o Projects ranged from organic chemistry,
hydrogel formation, cell culture and
cellular biology experiments.
o I also was responsible for material
ordering and basic lab management during
this period
Molecular Medicine and Translation Science
Executive Committee Student Representative
o Serve on the MMTSEC as a student
representative for 2 years providing
student input for policy changes
Hoke Lab Supervisor
o As the senior student in the lab, I trained
students and ensured the safety of the lab
was maintained. I also aided in trouble
shooting and planning organic reactions
for the younger students.
Biochemistry Lab Preparer
o I worked as part of a team to make sure
that all biochemistry labs were setup
before labs began. We also performed all
experiments beforehand to identify areas
that could be improved and where students
may have difficulty.
I created a manual for future lab preparers
which contained protocols, tips and tricks
for preparing for each lab.
Organic Lab TA
o Ensure that student labs are ready for lab,
answer student questions, prepare lab for
next section, responsible for safety in lab,
grade prelab and procedure write ups.
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2014-2016

2012-2014

2011

2011

2010

Publications












Boyacioglu, O., Stuart, C.H., Kulik, G., and Gmeiner, W.H. (2013).
Dimeric DNA Aptamer Complexes for High-capacity–targeted Drug
Delivery Using pH-sensitive Covalent Linkages. Mol Ther Nucleic Acids
2, e107.
Stuart, C.H., Horita, D.A., Thomas, M.J., Salsbury, F.R., Lively, M.O.,
and Gmeiner, W.H. (2014). Site-Specific DNA–Doxorubicin Conjugates
Display Enhanced Cytotoxicity to Breast Cancer Cells. Bioconjugate
Chem. 25, 406–413.
◦ Listed as co-inventor on provisional patent applied for by WFUSM on
work related to this publication
Gmeiner, W.H., Jennings-Gee, J., Stuart, C.H., and Pardee, T.S. (2015).
Thymineless death in F10-treated AML cells occurs via lipid raft depletion
and Fas/FasL co-localization in the plasma membrane with activation of
the extrinsic apoptotic pathway. Leuk. Res. 39, 229–235.
Gmeiner, W.H., Boyacioglu, O., Stuart, C.H., Jennings-Gee, J., and Balaji,
K. c. (2015). The cytotoxic and pro-apoptotic activities of the novel
fluoropyrimidine F10 towards prostate cancer cells are enhanced by Zn2+chelation and inhibiting the serine protease Omi/HtrA2. Prostate 75, 360–
369.
Morgan, M., Goodner, K., Ross, J., Poole, A.Z., Stepp, E., Stuart, C.H.,
Wilbanks, C., and Weil, E. (2015). Development and application of
molecular biomarkers for characterizing Caribbean Yellow Band Disease
in Orbicella faveolata. PeerJ 3, e1371.
Hoke, K.R., Stuart, C.H., Kase, A.M., and Summerlin, M.B. (2011).
Stepwise assembly of coordination complexes on electrode surfaces. In
ABSTRACTS OF PAPERS OF THE AMERICAN CHEMICAL
SOCIETY

Awards and Presentations




Genetic and Environmental Mutagens Society Symposium Poster and
Abstract (2013)
▪ “DNA Hairpins for Targeted Drug Delivery” with Bill Gmeiner
▪ Detailed the synthesis, cytotoxicity, and enhanced delivery of
Doxorubicin to a model of breast cancer in vitro by conjugating the
drug to a small DNA hairpin with a pH sensitive linker.
Triangle Consortium for Reproductive Biology Symposium Poster (2012)
▪ “Constructing a Gene Expression Profile of Post-Menopausal
Breast Tissue in Cynomolgus Macaques” with Mark Cline
▪ Detailed the use of gene expression data from a non-human
primate model to develop a gene expression profile for postmenopausal breast tissue. Identified common patterns in genes that
displayed altered gene regulation when compared to other age
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groups.
Student Worker of the Year Award 2010
◦ Employers select students for outstanding work
and are then selected by a committee.
2nd Place Poster, Berry College Research Symposium 2010
◦ Selected by judges from all students who had
performed research the past year.
Berry College Research Symposium Poster (2011)
◦ “Synthesis of 3-propargyl 2,4 pentadione”
▪ Detailed the methods of optimization, synthesis,
purification, and future uses of the molecule in
the larger project.
Tri-Beta Biological Honors Society member
Graduated with an American Chemical Society Certified Biochemistry BS

Instrumentation and Technical Skills













Nuclear Magnetic Resonance
Infrared Surface Spectroscopy
UV and Visible Spectroscopy
RT-PCR and PCR
Mass Atomic Absorption Spectroscopy
Gas Chromatography
Capillary Electrophoresis facilitated SELEX
MALDI-TOF MS
Confocal Microscopy
Multiple SELEX methodologies
Cell culture
In vivo tumor establishment

Relevant Classwork












Medicinal Chemistry
Organic Chemistry
Biochemistry
Physical Chemistry
Cellular Biology
Developmental Biology
Genetics
Molecular And Cellular Biosciences
Carcinogenesis and DNA Damage
Foundations of Translation Science
Introduction to Regenerative Medicine
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Cancer Cell Biology
Drug Discovery, Design, and Development
Scientific Development and the Business of Science
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