ABSTRACT

XIE, HUAN. Preparation, Characterization and Intracellular Targeting of Biomolecule-

Gold Nanoparticle Complexes. (Under the direction of Daniel L. Feldheim.)

This dissertation described preparation, characterization and intracellular localization
of peptide-modified gold nanoparticles as multifunctional nuclear targeting vectors. The
vectors have the potential advantages for intracellular diagnostics and therapeutic
delivery. Gold nanoparticles were used in this study as carriers to combine multiple-
functional cell-translocating peptides and antisense oligonucleotides. Two proteins,
bovine serum albumin (BSA) and streptavidin (SA), have been systematically studied for
crosslinking peptides or oligonucleotides with gold nanoparticles.

Protocols for modifying gold nanoparticles with BSA-peptide conjugates are
described within. The resulting constructs were characterized using a number of
techniques including UV-visible absorbance spectroscopy and fluorescence spectroscopy
in order to quantify peptide-BSA binding isotherms, exchange rates, critical flocculation
concentrations, and the composition of mixed peptide-BSA monolayers on gold
nanoparticles. The abilities of BSA-peptide/gold complexes to target the nucleus of
several cell lines (HeLa, 3T3-NIH and HepG2) were explored. Four peptide/nanoparticle
complexes were investigated, particles modified with the adenovirus nuclear localization
signal (NLS), the adenovirus receptor-mediated endocytosis (RME) peptide, the

adenovirus fiber containing the RME and NLS and the NLS for SV 40. The translocation



of the gold nanoparticles was identified by video-enhanced color differential interference
contrast (VEC-DIC) microscopy.

The strong affinity between SA and biotin was employed to conjugate SA with
biotinylated peptide and oligonucleotide. Systematical studies have been done to
characterize the complexes, including SA adsorption on nanoparticles, biotinylated DNA
adsorption on SA-coated nanoparticles, stabilities in solution, exchange rate in cell
growth media and the composition of mixed SA-biotin peptide and SA-biotin DNA
monolayers on gold nanoparticles. VEC-DIC microscopy characterized the translocation
of the complexes in HeLa cells. In further experiments, gold nanoparticle was conjugated
with the adenovirus RME peptide and peptide nucleic acid-biotin leash DNA duplex and
delivered to enhanced green fluorescence protein modified HeLa cells. Antisense
function of the complexes was investigated by fluorescence microscopy and reverse
transcription-polymerase chain reaction assay. The preliminary results demonstrated that
the complexes had antisense function but the efficiency was low. Suggestions for future

improvements were discussed.
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Chapter 1

Overview of Delivery Vectors for Gene And

Antisense Therapies



1.1 Introduction

The advent of genomics represents one of the biggest revolutions in the last
century. Gene research has generated a rich body of knowledge, which reveals that
many diseases involve dynamic changes in the genome. The identification of specific
disease-causing genes and the ability to prevent or treat diseases at the molecular level
are becoming reality. New technology and clearer biological insight have accelerated
innovative therapeutic strategies to address diseases.

Genetic information in a normal cell flows from DNA (deoxyribonucleic acid) to
RNA (ribonucleic acid) through the transcription process and then from RNA to
protein through the translation process [1]. Several strategies specifically focus on
manipulating gene expression at the transcription or translation stages (Figure 1.1).
Gene therapy is a potential approach to treat, cure or prevent diseases by manipulating
gene expression before the transcription stage [2]. By adding or replacing the absent
or disordered gene with a working gene, the cell can generate the correct enzyme or
protein, and consequently eliminate the root cause of the disease [3]. Another
strategy, antisense therapy, applies single-stranded antisense oligonucleotides to alter
the expression of disease-associated genes before or at the translation stage. Antisense
oligonucleotides inhibit gene expression by hybridizing to target RNA through
Watson-Crick base pairing in a sequence-specific manner. Therefore the genetic code
in the RNA cannot be read, and the production of the disease-causing protein is
blocked [2]. Both messenger RNA (mRNA) and pre-mRNA can be targets of
antisense therapy. Kole ef al. concluded that antisense oligonucleotides function
primarily in the nucleus but not in the cytoplasm of cells, no matter if they are

designed to manipulate cytoplasmic mRNA or nuclear pre-mRNA.[4]



transcription translation

DNA » RNA »  Protein
Gene therapy Antisense therapy

Figure 1.1 Two approaches to stop mutant protein production: gene therapy
manipulates DNA before transcription stage and antisense therapy alters RNA before
or at translation stage.

The efficiency of gene and antisense therapies could be greatly enhanced if
therapeutic agents are successfully delivered into cell nuclei. The target destination
for a gene or oligonucleotide delivery system is the cell nucleus since the genetic
information of the cell and transcription machinery resides there. However, targeted
nuclear delivery is difficult because there are many biological barriers inside the cells.
To increase gene or oligonucleotide delivery efficiency, carriers (vectors), which are
able to cross cells and nuclear membrane barriers efficiently and are unaffected by
cellular pumping mechanisms, are required in the implementation of many novel
disease treatments.

In this chapter, I will give background information on gene therapy and antisense
therapy. The focus will be on vectors (viral and non-viral) that are explored in

targeted delivery for these two therapies.

1.2 Gene therapy

Genes are the basic physical and functional units of heredity. They have specific
sequences of bases that encode the amino acids of proteins. When genes are altered,
the encoded proteins are often unable to carry out their normal functions, which may
result in a disease phenotype. Gene therapy is a technique that treats human disease

by inserting a functioning gene into the somatic cells of a patient to correct a genetic



error or to introduce a new function to the cell. Replacement gene therapy is generally
used for the treatment of inherited diseases such as adenosine deaminase deficiency,
cystic fibrosis, Gaucher disease, familial hypercholesterolemia and muscular
dystrophy, where the disease is caused by an incorrectly functioning gene. The
introduction of a novel gene into a patient's cells to produce a new function in that cell
can be used in the treatment of more complex diseases such as cancer or HIV
infection [5].

For gene therapy, it is necessary to administer the gene to the body and currently
there are several approaches for the delivery. In ex vivo protocols, cells are removed
from the patient to culture, then subjected to transduction, and finally re-administered
to the patient [6]. In vivo gene delivery applies viral or non-viral vectors or naked
plasmid directly into the patients by local or systemic delivery means [7]. The latter
method is of more practical importance at this stage of development.

A number of different in vivo gene therapy systems are available, and most of
them require vehicles called vectors to deliver the therapeutic gene to the patient’s
target cells. Broadly speaking, vectors can be divided into two groups: viral and non-
viral vectors. Viral vectors are made from viruses by removing their own genes and
inserting therapeutic genes. Once the viral vector infects the target cells, it unloads the
therapeutic gene into the cells for further gene expression [3, 8, 9]. Non-viral vectors
are generally synthetic molecules that are modified to carry genes. There are several
non-viral options for gene delivery. Besides the direct introduction of the therapeutic
DNA into target cells, systems involving lipids, polymers, dendrimers and synthetic
peptides have been broadly studied [10-19]. The details of different types of viral and

non-viral vectors will be discussed in section 1.4.



The ideal gene therapy will maintain the function of the therapeutic gene in the
target cells for a long period. However, this is difficult to realize because there still
are some obstacles and questions concerning the viability of gene therapy, such as the
short-term benefit, immune response, and natural tropisms of viruses. When a foreign
object is introduced into the human body, the immune system is usually stimulated to
recognize and destroy the object. As a result, some therapies need to be repeated often
to provide long-lasting benefits. However, the immune system also enhances its
response to invaders at the same time, which could dramatically decrease the effect of
gene therapy after several rounds of treatment, sometimes even causing the death of
patients. Another potential risk of applying viruses as therapeutic gene carriers is: the
virus may recover its ability to cause disease once inside the body and bring
additional problems to the patient.

Those problems have retarded the development of gene therapy in clinical trials.
One of the major setbacks for gene therapy is that an 18-year-old boy who had
accepted gene delivery treatment for ornithine transcarboxylase deficiency (OTCD)
died from multiple organ failures in the United States in 1999. The technology for
controlling delivery and expression of genetic material in cultured cells and in vivo is
not mature yet. Nevertheless, scientists armed with advanced technologies are

developing new strategies to address these challenges.

1.3 Antisense therapy

Antisense therapy targets messenger RNA rather than genes. During the
transcription stage of genetic information flow, the genetic code in one strand of DNA
is copied as a single strand of RNA, called messenger RNA (mRNA). The mRNA is a

"sense" sequence, because it can be translated into a string of amino acids to form a



protein. A complementary strand to the mRNA is thus called "antisense". As Figure
1.2 shows, if the genetic code of a disease gene is known, this gene can be specifically
inhibited by applying an antisense agent to hybridize to messenger RNA from the
gene. Therefore the genetic code in the mRNA cannot be read, and the production of

the disease-causing protein is stopped [20, 21].

Transcription

Ribosome

Pre-mRNA

talminlnlatelylbilleh

Translation
Splicing

inlminliialellllblal

No translation

W, X

With antisense

Lansamananmi
Antisense oligonucleotide

Figure 1.2 Illustration of action of antisense oligonucleotide inside a cell. The disease
gene can transcript into mutant mRNA and further produce the wrong protein. If an
antisense oligonucleotide is delivered into the cell, it will hybridize to the mRNA
translated from the abnormal gene and stop the translation of protein.

In addition to inhibition of mRNA translation, antisense oligonucleotides can also
modify splicing of pre-mRNA by targeting aberrant splice sites on pre-mRNA created
by mutations in certain genetic diseases. In pre-mRNA, there are exons (coding

sequences) and introns (non-coding sequences). Splicing of pre-mRNA occurs to

remove introns from pre-mRNA and join exons to generate mature translatable



Pre-mRNA

mRNA. Short regions bordering the exons - known as splice sites - tell the cell where
to cut and paste the pre-mRNA. However, some mutations can create additional splice
sites in the genetic code. This results in the inclusion of extra coding sequences in the
mRNA, which when translated, ends up producing malfunctioning protein (Figure
1.3A). A new strategy has been designed to solve this problem by applying
complementary antisense oligonucleotides to hybridize to these additional splice sites
on pre-mRNA. With these sites blocked, the splicing machinery can focus back on the

original correct splice sites to produce the normal sequence of mRNA (Figure 1.3B)

Pre-mRNA

[22-24, 4].

A B

Exon 1 Intron (non-coding)  Exon 2 Exon 1 Intron (non-coding)  Exon 2
NN Antisense oligonucleotide
Aberrant splicing Correct splicing
retention) (mutation blocked)
\/
Abnormal mRNA Normal mRNA

Figure 1.3 Modulation of pre-mRNA splicing [22]. (A) Mutation of disease on pre-
mRNA leads to aberrant splicing and produces abnormal mRNA..; (B) when mutation
is blocked by antisense oligonucleotide, splicing machinery focuses back on correct
splice sites and gives normal mRNA.

The concept of applying antisense oligonucleotides as therapeutic agents was first
stated in the pioneering work of Zamecnik and Stephenoson in 1978 [25]. They
reported the synthesis of an oligonucleotide (13mer) that was complementary to a
viral genome sequence and provided the evidence of antiviral activity when the oligo

was added to cells infected with the virus [25]. In the mid 1980’s, the discovery of

natural regulation of gene expression by antisense RNA inspired the development of



oligonucleotides as therapeutic agents [21]. However, two major problems limit the
use of oligonucleotides in vitro and in cellular systems: rapid degradation due to

backbone instability and low cell penetration ability, which will be addressed in detail

below.
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Figure 1.4 Different chemically modified oligonucleotides (http://tesla.jci.tju.edu/)

Natural oligodeoxynucleotides are quickly degraded in the cellular environment
because nucleases hydrolyze phosphodiester bonds. To reduce degradation, the
research focus was shifted to chemically modified oligonucleotides, which should
have improved resistance to nucleases while maintaining the ability to form stable
duplexes with the target RNA to suppress protein translation. Numerous chemical
modifications have been provided in order to solve those problems. Oligonucleotide

analogs with replaced phosphodiester backbones such as phosphorothioates,



phosphoramidates, borane phosphonates, methylphosphonates and peptide nucleic
acids, have been synthesized and studied [26]. Their structures are shown in Figure
1.4. Those analogs can be delivered locally or systemically, thus providing a wide
therapeutic index. These modifications have shown improved stabilities compared to
unmodified native DNA or RNA.

One type of analog, peptide nucleic acid (PNA) has attracted more and more
attention recently. It is one of the most radically different oligonucleotide analogs
because the entire sugar phosphate backbone is replaced by a peptide backbone. The
backbone of PNA is made from repeating N-(2-aminoethyl)-glycine units and the
bases of PNA are linked to the backbone by methylene carbonyl linkages (Figure 1.4)
[27]. The uncharged backbone provides PNA tighter binding to DNA strands than
DNA to DNA because there is no electrostatic repulsion. The melting temperature
(Tmm) of PNA is also higher than DNA with the same length of base pairs. Since PNA
is not a natural molecule, it cannot be easily recognized by nucleases or proteases and
thus is expected to be resistant to enzyme degradation. In addition, PNA is stable over
a wide pH range. Those properties portend PNA to be a promising candidate for
antisense research.

Another major problem that still remains to be elucidated is delivering
oligonucleotides into the cell and having them reach the target. Neutral
oligonucleotides and their analogs do not freely diffuse through the phospholipid
bilayer. Oligonucleotide conjugates have been explored in attempts to improve
cellular uptake. Attachments of polycations and hydrophobic tails to oligonucleotides
were examined. Polylysine was shown to improve antisense efficiency. Cholesterol
conjugates also led to increased uptake [21]. Recently, peptides with specific

biological functions have been covalently linked to oligonucleotides, and further



applied for cellular delivery, hybrid stabilization, structure recognition and artificial
nuclease [28]. In addition, intracellular delivery systems for antisense
oligonucleotides have applied carriers such as liposomes, lipoproteins, nanospheres,
or polyethyleneimine [21]. Cationic lipids seem very promising. For example, Kole
and his colleagues systemically delivered different oligonucleotide analogs, including
methoxyethyl-phosphorothioate, morpholino and PNA with different number of
lysines at the C terminus to cells [23, 29] and mouse organs [22] and studied their
sequence-specific antisense activities for pre-mRNA splicing. The results showed that
the uptake and antisense efficacy of oligonucleotides complexed with Lipofectamine
(a type of cationic lipid) were greatly improved compared to that of the free oligos
[29].

Another highly efficient system applied nonionic morpholino oligos annealed with
complementary DNAs or sense oligonucleotides, called “leashes”. When the leash
duplex was electrostatically complexed with ethoxylated polyethylenimine (EPEI)
[30] or Lipofectin [31], the oligonucleotide was effective at concentrations several
orders of magnitude lower than other methods. The leash here acted as a bridge to
couple the neutral morpholino oligos with the cationic EPEI or Lipofectin. Wilton et
al. investigated a number of leashes varied with several important parameters, such as
length, chemistry and structure. Their ability to influence delivery and antisense
expression of the morpholino oligos was different [31]. For example, the hierarchy of
nuclease resistance of three chemistries was: phosphodiester < phosphorothioate < 2-
O-methyl phosphorothioate. Additionally, the presence of non-conplementary
overhangs in the leash, particularly at the 5’ position, could increase the antisense

expression.
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Many studies have proven that antisense oligonucleotides are biologically active
and safe both in vitro and in vivo. Several animal models have been tested for
antisense therapy, including mouse, rat, rabbit and duck. Different RNAs have been
targeted, indicating that antisense oligonucleotides are of potential interest for major
human diseases, such as cancer, infectious diseases, neuropsychiatric disorders, and
restenosis. They are currently being evaluated in human clinical trials for different
disease treatment. However, compared to the development of gene therapy, antisense

therapy is still in its infancy.

1.4 Targeted delivery

Targeted delivery is currently one of the major issues of gene or antisense therapy
research. There are many biological barriers within the human body, such as blood
circulation, capillary endothelium, tissue interstitium, cell surface, endosome,
cytoplasm and nucleus [32]. The diagnoses and treatment of diseases at the cellular
level would be greatly enhanced by the ability to deliver analytic probes and
therapeutic agents into specific cells and cellular compartments. But the plasma
membrane of cells presents a formidable barrier to the passage of the therapeutic
agents and probes. Currently targeting to a particular organ or tissue system can be
achieved by direct injection or with the help of cell-recognizing ligands. But the target
destination for a gene or oligonucleotide delivery system is the cell nucleus since the
genetic information of the cell and transcription machinery resides there. Many
therapies aim to interrupt transcription or translation by gene modification, gene
replacement, or pre-mRNA splicing modulation in cell nuclei. For example, Kole et
al. concluded that antisense oligonucleotides function primarily in the nucleus but not

in the cytoplasm of cells, no matter if they are designed to manipulate cytoplasmic
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mRNA or nuclear pre-mRNA [4]. However, therapeutic agents are often prevented
from reaching cell nuclei because of size, charge, or, in the case of small molecules,
because P-glycoproteins pump them out of the cell. Additionally most small molecule
drugs show serious toxicity problems when they are delivered systemically in large
doses and have the tendency to attack any cells without selectivity. In order to
increase drug delivery efficiency while decreasing harmful side effects, efficient
vectors, which are able to cross cell and nuclear membrane barriers efficiently and are
unaffected by cellular pumping mechanisms, are required in the implementation of
many novel disease treatments.

However, targeted nuclear delivery is a challenging task, since any cell-specific
nuclear probe must satisfy the following requirements: it must 1) be stable in
biological fluids and capable of extended circulation in the bloodstream; 2) be small
enough to enter cells and cross the nuclear membrane (< 100 nm for uptake by
receptor-mediated endocytosis (RME) and < 30 nm for import through nuclear pores);
3) be capable of efficient recognition of the target cells; 4) bind to cell-specific plasma
membrane receptors and penetrate cellular membranes; 5) transport through
cytoplasm and be able to escape endosome-lysosome pathways; 6) penetrate nuclear
membranes or access imporins to pass through the nuclear pore complex; 7) be of low
toxicity and low immunogenicity; 8) release carrying gene or antisense
oligonucleotide for further therapeutic function.

There are some mechanical and physical techniques for gene transfer, such as
microinjection, gene gun, needle injection, electroporation and ultrasound [33]. But
the most well studied delivery systems for delivering therapeutics into cells can be

classified into two groups: those that use viruses and those that use synthetic non-viral
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vectors. The issues facing currently studied viral and non-viral vectors are discussed

in more detail below.

1.4.1 Viral Vectors

By far the most efficient means of gene transfer are biological methods involving
the use of viruses, which are nature’s own transfer systems evolving for millions of
years. By replacing the genome inside a virus with the desired therapeutic gene,
scientists have designed viral vectors. These viruses can still infect a patient and carry
genes into cells for gene expression.

Viruses are the most effective transfection vectors because they can strongly bind
to a cell and obtain entry into it, they avoid intracellular degradation and they are
capable of entering the nucleus of a cell.

However, there are several disadvantages of viral vectors for gene or antisense
therapy. 1) It is possible to introduce mutagenicity and oncogenesis by random
integration into the host genome. 2) It is difficult to control some natural tropisms of
viruses. Once inside the body, viruses might recover the ability to cause disease and
bring additional problems to the patients. 3) Viruses can cause immune reactions of
the host against the virus and infected cells; 4) Viruses have limited capacity for
therapeutic gene which is determined by the original size of the wild type genome.
Currently, the most well-studied viral vectors include retroviruses, adenoviruses,

adeno-associated viruses and herpes simplex viruses.

1.4.1.1 Retroviruses

Retroviruses, most often used in clinical trials [3], are RNA viruses that use viral

enzymes to copy their own genome into DNA [8]. They are simple since they contain
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only three genes and they are relatively easy to produce [34]. They have the ability to
integrate into the genome and to permit introduction of a variety of stable expressed
genetic information into a large population of cells to achieve relatively long gene
expression [9]. Retroviral vectors have been developed for gene and antisense RNA
delivery in several diverse areas of molecular biology [35]. Retroviral-mediated gene
transfer is currently the optimal gene transfer system available for use in HIV-1 gene
therapy. However, there are some drawbacks that limit the application of retroviruses.
It is difficult to grow retroviruses to high concentration in cell culture systems. Their
natural tropisms are hard to modify [3]. They are limited to infect active dividing
cells [8]. Anti-HIV-1 strategies using retroviruses are in clinical trials. It is hoped that

the results will be able to address the efficiency of this type of vector.

1.4.1.2 Adenoviruses

Adenoviruses are the common cause of respiratory tract infections in humans.
They contain a non-enveloped protein shell and a linear double-stranded DNA viral
genome. Adenoviruses are able to infect both dividing and non-dividing cells. The
knob portion of the fibre protein on the surface of the viruses bind to target cell
receptors with high-affinity and the viruses then enter cell through endocytosis [36].
They are relatively safe because they do not cause serious disease. They can be easily
purified to high titres in cell culture systems and can accommodate exogenous genes
of rather large size. They function as non-integrating vectors so no concern of
insertional mutagenesis is needed [5]. Their efficiency of transduction and the level of
gene expression are high. However, because the viral replication of adenoviruses

occurs without integration into the host genome, their gene expression is short-lived.
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Furthermore, adenoviral vectors tend to induce immune responses in patients, which
limit repeating times of the vector administrations.

Adenoviral vectors have been employed for expression of recombinant proteins in
cultured cells, as well as for gene-transfer studies in preclinical trials, animal models,
and human clinical trials [37]. They have also been used to carry antisense sequences.
Rao et al showed that adenovirus-mediated delivery of human matrix

metalloproteinase 9 gene caused regression of tumor growth [38].

1.4.1.3 Adeno-associated virus

Adeno-associated virus (AAV) is a small, nonenveloped, single-stranded DNA
virus. The use of AAV as a gene transfer vector, and particularly for systems where
sustained gene expression is required, has been steadily increasing over the past
several years. AAV can site-specifically integrate into the host genome, thereby
producing stable transduction of the target cell. Its low self-propagating capability and
low harmful effects on the immune system also make it an attractive vector.
Compared to the two viruses mentioned above, AAV could infect both non-dividing
and dividing cells while maintaining long gene expression. AAV was also considered
safer than other viral vectors [3, 8]. But the capacity of AAV to carry therapeutic
genes is relatively small (the gene amount that can be transfected by a virus system is
dependent on the encapsulation size of a virus).

Prolonged gene expression after AAV treatment has been observed in liver, brain,
muscle, lung and stem cells of animal models. The therapeutic benefit from AAV
treatment has been shown in preclinical and clinical trails of different diseases [39].
The AAV vector has also been developed to deliver antisense DNA. It is shown that

efficient transfection into cells and inhibition of targeted genes were achieved by
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using the AAV-antisense system. In cell and animal model tests of the system, blood
pressure was decreased and the development of hypertension was slowed. Both of the

results support the feasibility of AAV as a vector for antisense therapy [40].

1.4.1.4 Herpes simplex viruses

Herpes simplex virus (HSV), a neurotropic human virus, is an enveloped double-
stranded DNA virus with attractive properties as a gene transfer vehicle. It is
straightforward to prepare high-titre non-pathogenic HSV vectors. With the large
genome, HSV vectors can accommodate large or multiple transgenes. HSV is
infectious, so HSV vectors can efficiently bring exogenous genetic material to cells.
The virus can enter various host cells because it can recognize a wide expression
pattern of the cellular entry receptors. The virus can persist in a lifelong nonintegrated
state in neurons without harming the nervous system, interfering with nerve cell
function, or inducing autoimmunity. The modified HSV delivery systems are non-
pathogenic, unable to re-activate, spread or express the viral genes, so that they can
achieve long-term stable transgene expression in the nervous system. Results from
pre-clinical studies on models of neurological disease seem very promising.
Consequently, HSV vectors encoding appropriate transgenes to further address these

pathogenic processes are proposed to enter clinical trials [41, 42].

1.4.2 Non-viral Vectors

Non-viral vectors mediated systems represent an ideal approach for clinical
practice to achieve more controllable gene or antisense therapy. They offer several
potential advantages over viruses: 1) they are non-infectious, relatively non-

immunogenic; 2) it is easier and less expensive to manufacture synthetic vectors on a
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large scale; 3) unlike virus’ dependence on its genome capacity, synthetic vectors are
flexible to carry different size of gene or oligonucleotide; 4) it is easier to manipulate
and control the properties of non-viral vectors for better assembling with transfection
materials [43, 44].

Although limited by their relatively low gene transfer efficiency and transient
gene expression, rapid developments of non-viral vectors make them more and more
attractive. A number of non-viral transfer systems using synthetic vectors have been

proposed, including liposomes, polymers, dendrimers and peptides.

1.4.2.1 Liposomes

Cationic lipids form liposomes under biologically relevant conditions, and these
cationic liposome vesicles electrostatically interact with negatively charged DNA to
form stable complexes (lipoplexes). It is believed that lipoplexes can efficiently
interact with the cell membrane and facilitate the intracellular delivery of a
therapeutic gene. It is easy to produce the complexes via the self-assembly of cationic
liposomes with the nucleic acid. Cationic liposomes are capable of complexing almost
100% of the nucleic acid with little restriction on the size of the DNA. There are a
number of cationic liposomes commercially available for researchers to choose [45].
The major advantage of liposome vectors is the favorable safety profile: they have
low immunogenicity so they can be administered several times without triggering a
severe immune response or significant toxicity [10]. However, the relatively low
efficiency of transfection and short-termed gene expression due to intracellular
degradation of the genes are still primary obstacles to in vivo applications of cationic

liposome complexes [11, 12].
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Liposomes have also been shown to enhance oligonucleotide intracellular transfer
and stability of oligonucleotides [20]. Structure and surface properties of liposomes
provide several different ways liposomes can interact with oligonucleotides: 1)
encapsulate oligo inside the liposome shell, 2) attach oligo onto the surface of
liposome and 3) form electrostatic complex of cationic liposome and oligo. There are
many studies involving encapsulation of oligonucleotides into anionic, neutral, and
pH-sensitive liposomes and complexation of cationic liposomes and oligonucleotides.
For example, Bennett et al. have evaluated a series of cationic lipid structures for
delivery of antisense oligonucleotides in which multiple ratios of cationic lipid and
oligonucleotides were compared [45]. The authors observed that cationic lipid
complexes increased the amount of oligonucleotide delivered into cells up to 20- fold
at the optimal ratio [45]. Reszka ef al. showed that antisense oligonucleotides with
cationic liposomes could completely inhibit gene expression in the tumor cells [46].
Kole ef al. proved that with the help of cationic liposomes, modified oligonucleotides
were able to block the aberrant pre-mRNA and restore correct splicing of modified
enhanced green fluorescence protein (EGFP) precursor to mRNA, generating properly

translated EGFP in HeLa cells [23] and in mouse tissue [22].

1.4.2.2 Polymers

Synthetic cationic polymers are similar to cationic liposomes in that they are
capable of condensing DNA into small particles through electrostatic interactions.
The particular polymer/DNA complex, named polyplex, acts as the transfecting unit
for gene therapy [13]. It is believed that the molecular weight of the polymers and the

polymer-to-DNA ratio affect the DNA condensation, gene transfection and in vitro
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toxicity. The most common polymer vectors include poly-L-lysine (PLL) and
polyethyleneimine (PEI).

PLLs have been successfully used for neutralizing the charges of DNA and
stabilizing DNA against nucleases to facilitate the endocytic uptake. However,
PLL/DNA polyplexes have a tendency to aggregate, resulting in accumulation in
internal vesicles of cells, which strongly reduce the efficiency of gene transfer [14,
44]. Other strategies have been developed to ensure the release of DNA from internal
vesicles for better nuclear targeting, such as addition of lysosomotropic agents,
glycerol and other membrane-disruptive peptides [47]. PLLs have also been used to
conjugate to backbones of oligonucleotides to facilitate uptake and confer resistance
to nucleases. They were shown to greatly improve the antisense efficiency when
applied to inhibit reverse transcription or viral mRNA translation [21]. The
oligonucleotide-PLL conjugates reduced virus titers by one to two orders of
magnitudes at a concentration as low as 0.5 uM while oligonucleotides without PLL
showed antisense activity only at a concentration more than 50 uM [48]. In a study by
Kole et al., the antisense effects of PNA oligomers were observed to be dependent on
the number of L-lysine residues at the C-terminus [23, 22].

PEI is a highly branched network organic macromolecule with the highest
cationic-charge-density potential, which allows binding to DNA more efficiently than
a linear polycation, such as PLL. Additionally, PEI has been shown to permeate the
endosomal membrane. Boussif et al. found that every third atom of PEI is a
protonable amino nitrogen atom, which makes the polymeric network an effective
“proton sponge” at virtually any pH. Endosome buffering protects DNA from
degradation. Proton accumulation prevents the acidification of endosomes, and

consequently leads vesicles to swell and rupture, which provides an escape
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mechanism for the PEI/DNA particles [49, 50]. Intracellular targeting of DNA to
specific cell types has been achieved by coupling PEI with cell ligands such as
galactose or small RGD peptide that allows cell entry by a receptor-mediated
endocytosis pathway, followed by escape from endosomes via “proton sponge” effect.
The final barrier, nuclear membrane, was crossed by using nuclear localization signal
peptides attached to gene molecules [51]. PEI was also shown to be a highly efficient
synthetic vector for delivering oligonucleotides both in vitro and in vivo. PEI-
mediated transport of as little as a 1.25 uM oligonucleotide had very high efficiency

of nuclear targeting [49].

1.4.2.3 Dendrimers

The synthetic, highly branched polyamidoamine (PAMAM) dendrimers are
unique in structure and have been studied as non-viral delivery vectors. PAMAM
dendrimers differ in their initiator molecules (either ammonia as trivalent or
ethylenediamine as tetravalent core) and in the number of generations of the building
blocks in each molecule. On the surface of a PAMAM molecule is a high density of
charged primary amino groups, which can be applied to bind DNA by electrostatic
interactions. The high solubility and stability as well as the defined size (10~130 A)
enable dendrimers to be employed as good biological carriers. PAMAM dendrimers
have been known to form stable complexes with plasmid DNAs or oligonucleotides
with modest cell toxicity and high transfection efficiency, so they are promising
vectors for in vivo therapeutic applications [15]. Juliano et al. applied fluorescently
labelled PAMAM to understand the mechanism of dendrimer-mediated antisense
oligonucleotide delivery [52]. It seems that the dendrimer-oligonucleotide complexes

remain conjugated all the way to the cell nucleus although there is some lost at other
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sites in the cell. This is different from the cationic liposome delivery systems, where a

separation of nucleic acid and liposome seems to occur in the endosome [52].

1.4.2.4 Peptides

In the past decade, substantial progress has been made in the development of
peptide-mediated delivery systems. This approach is based upon the observation that
the functionally active regions of proteins such as enzymes, receptors and antibodies
are relatively small and typically consist of around 10-20 amino acids [8]. Short
synthetic peptides, which are functional regions of a variety of viral proteins, have
been used to replace the whole proteins as gene delivery vectors. They could mimic
and act as efficiently as viruses for gene delivery without their limitations. They could
also overcome some extracellular and intracellular limitations of other non-viral
systems, such as cell penetration [53, 54], endosomal lysis [55, 16], and nuclear
localization [56]. Many peptides have been shown to be able to condense DNAs and
oligonucleotides to give relatively non-toxic complexes [16, 17, 57] , as well as carry
their molecular cargos to the cytosol and/or the nucleus of cells through mechanisms
appearing to be energy-independent [54]. These cargoes can be double-stranded
DNAs or plasmids and short unstructured or modified oligonucleotides. Addition of
hydrophobic groups or tryptophan residues to peptides showed improved DNA
binding [16]. Peptides can form complexes with negatively charged oligonucleotides
or can be covalently attached to neutral oligonucleotides such as peptide nucleic acids
[57]. A number of peptides have been systematically investigated as translocation
signals, such as RGD [58, 59], HIV Tat [60, 61], simian virus 40 large T [18, 19],

adenovirus fiber [62].
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Integrins, membrane proteins found on all cells, are responsible for attachment of
cells to the extracellular matrix, cell-cell interactions, and signal transduction [63].
Integrin-mediated internalization differs from conventional receptor-mediated
endocytosis in that the translocation mechanism is a phagocytic-like pathway
allowing translocation of much larger size particles [63]. An integrin-targeting
domain comprising a tripeptide Arg-Gly-Asp (RGD) sequence can target integrin
receptors specifically. RGD containing peptides associated with poly-L-lysine [58,
64], lipid [63] or cationic polymer [59, 51] formulations can form stable complexes
with DNA, render its resistance to nuclease degradation, improve efficiency of
delivery and expression both in vitro and in vivo.

Protein transduction domains (PTD) that are able to deliver macromolecules into
the cytosol and nucleus in an energy-independent, receptor-less fashion have been
identified and characterized [56]. The short cationic HIV Tat peptide is one of the
peptides that have been successfully used to deliver a number of different materials
into cells. HIV-Tat peptides have efficiently ferried modified magnetic nanoparticles
into cells, which facilitated the magnetic resonance imaging detection in tissue
samples [61, 65]. Antibody fragments conjugated to HIV Tat were quantitatively
studied for their enhanced tumor targeting properties [60]. Tat has also been applied
to deliver antisense oligonucleotides to the cytoplasm and nucleus, resulting in an
increase in pharmacological activity without an accompanying loss in specificity of
the oligonucleotides. The oligonucleotides that have been conjugated to HIV Tat
include phosphorothioate, 2’-O-methylphosphorothiate oligo [66, 67], and peptide
nucleic acid [68, 28, 69].

Another class of cationic peptide sequences is from short regions within proteins

that are responsible for direct import proteins from cytoplasm to nucleus, known as
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nuclear localization sequences (NLS). They are typically less than 12 residues in
length and rich in basic amino acids (lysine or arginine) [56]. It was believed that the
non-covalent attachment (electrostatic binding or sequence-specific binding [19]) of
NLS to DNA could enable complete release of DNA from NLS peptide after
nucleocytoplasmic transport [16]. But covalent conjugation was also proven to
improve plasmid DNA nuclear translocation [16, 19]. Ragin et al. have studied a
series of NLS sequence peptides as well as the covalent adducts of proteins and
oligonucleotides with the NLS peptides for cellular uptake and subcellular
localization in different cancer cell lines [56].

One of the best-studied NLS peptides, containing PKKKRKYV sequence, is from
the large tumor antigen of Simian virus 40 (SV-40). In early studies, SV-40 was
applied to facilitate nuclear localization of proteins, such as BSA [70, 71], IgG [70,
71], ovalbumin [71], ferritin [71], IgM [71], or HSA [72], by cross-linking the peptide
with the protein and microinjecting the conjugates into different tissues. By taking
advantage of a chemically controlled pathway to irreversibly link a single SV-40 NLS
peptide to one end of a gene, Behr et al. successfully translocated an exogenous DNA
into the nucleus with efficiency increased 10- to 1000-fold [19]. Branden et al. have
synthesized a bifunctional PNA containing a nucleic acid binding moiety and a SV-40
NLS sequence. When hybridizing a complementary oligonucleotide to the PNA-NLS
molecule, they created a bioplex (biological complex) with an NLS function. This
technology has been extended to delivery of oligonucleotides to the nuclei of different
mouse organs in vivo [73]. Benimetskaya et al. described a similar oligonucleotide
delivery strategy based on a bifunctional peptide composed of a C-terminal
protamine-fragment with a DNA-binding domain and a N-terminal NLS sequence

derived from SV-40 [74].
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Peptides from the adenovirus have been broadly examined for improving the
design of more efficient gene transfer vectors [75]. A NLS sequence was identified in
the N-terminal region of the adenovirus serotype 2 fiber protein. It was shown that
this short sequence (KRAR) could independently act as a fiber protein to direct a
cytoplasmic protein to the nuclei of HeLa cells [76]. Located in the same fiber
protein, a hydrophobic domain FNPVYPY that containing a “NPXY” motif often
found in cytoplasmic tails [77], was discovered to be involved in receptor-mediated
endocytosis (RME). Based on these observations, Zhang et al. described a peptide
made of 20 N-terminal amino acids of adenovirus fiber protein and polylysine
(AKRARLSTSFNPVYPYEDES-K,) that was able to attach, condense and transfer
plasmid DNA to the nucleus of transfected cells with equal if not higher efficiency
than liposome vectors and with less toxicity than viral vectors [62]. This peptide had
three different domains: NLS, RME and polylysine. The authors also investigated the
effect of each domain on transfection efficiency and elucidated the function of each

domain [62].

1.4.3 Nanoparticle Vectors

Metal [18, 78], semiconductor (quantum dots) [79] and magnetic particles [80]
have been introduced into cells previously. Gold was broadly studied as an
intracellular probe because of its unique properties [81]. It is easy to synthesize gold
particles in a wide size range with good monodispersity, easy to functionalize them
with a variety of small molecules and they have extremely strong light extinction
which makes them good probes for imaging and detection. For example, gold has
been used for particle-mediated gene transfer system, known as “gene gun”. The

detailed properties and applications of gold nanoparticles will be addressed in Chapter
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2. Based on the studies of the other vectors, especially some work that identified the
capability of different peptides to perform cellular translocation, our group designed a
new type of gold nanoparticle-peptide vector. Specific short peptides are used as non-
viral signals to realize cell recognition, receptor-mediated uptake, endosomal release
and nuclear localization. Gold nanoparticles serve as carriers and probes. These
vehicles combine the targeting functions of a virus on a non-infectious inert metal
scaffold. The ultimate application of the nanoparticle-based vectors is to carry drugs

or oligonucleotides for disease therapy.

1.5 Summary

The current revolution in disease treatment is driven by functional genomics.
Along with the better understanding of the human genome, new strategies of
exploiting genes or oligonucleotides to diagnosis were developed to address disease at
transcription or translation stages. The rapid growth of gene and antisense therapies
requires more specific intracellular targeting, especially into the nucleus. Targeted
delivery, as opposed to systemic delivery, can dramatically increase efficacy while
decreasing side effects. Therefore, multifunctional vehicles are applied to carry gene
or oligonucleotides to certain components inside cells. Numerous viral and non-viral
vectors have been studied in vitro, in vivo and in clinical trials. As researchers
continue to develop and refine methods for the gene or RNA modification, it is
believed that more vectors will be designed to obtain better performance in gene or

oligonucleotide transfer and expression.
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Chapter 2
Gold Nanoparticles: Synthesis, Properties,

Conjugation and Biological Applications



2.1 Introduction

Nanometer is a magical point on the length scale where the smallest human-made
devices meet the largest molecules of the natural world. Nanomaterials are materials with
at least one dimension roughly between 1 and 100 nanometers. Nanoparticles, such as
metals, metal oxides, and semiconductor materials (quantum dots), are one type of
nanomaterial that have attracted attention because of their unique properties. When
characteristic structural features are intermediate between isolated atoms and bulk
materials, the objects often show behavior substantially different from those displayed by
either atoms or bulk materials. The unique chemical, electronic, magnetic, optical, and
other properties of nanoparticles have sparked their application in a broad range of fields,
including chemistry, physics, biology, materials science, medicine, catalysis, engineering,
computer science, and so on. In this dissertation, the focus is on functions of
nanoparticles in biotechnology. For examples, nanoparticles can be used as labels for
optical biodetection, as substrates for multiplexed aqueous bioassays, as probes for
cellular imaging or as carriers for therapeutic delivery [1-4].

Metal nanoparticles are attractive because of the easy synthesis and modification as
well as their size- and shape-dependent properties. Gold particles are the most commonly
used metal nanoparticles as biosensors and probes for several reasons. 1) Current
techniques can easily synthesize gold nanoparticles with varying diameters from 0.8 nm
to around 200 nm with <10 % size distribution [5], which gives a variety of choices for
different applications. 2) Gold nanoparticles have enormous visible light extinctions
(e>10°* M em™), which is several orders of magnitude higher than the best organic dye

molecules [6]. Individual gold nanoparticles can be imaged under white-light
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illumination so that they can be monitored inside cells [2]. Moreover, the absorption of
gold surface plasmon band (SPB) can be tuned simply by changing particle size and
shape [7]. Thus, multi-color assays are possible with a single light source, without the
need for filters, and free from complications of fluorescence bleaching or blinking. 3)
Gold can be modified with a wide variety of small molecules, such as peptides, proteins,
DNA and polymers [8-12]. The interaction between gold and those molecules can be
noncovalent electrostatic interaction, hydrophobic interaction or covalent binding [13].
This chapter reviews different aspects of gold nanoparticles: synthesis, optical
properties, colloidal stability, conjugation with biomolecules and biological applications.

Therapeutic delivery of other nanoparticles will also be briefly mentioned.

2.2 Synthesis of Gold Nanoparticles With Different Capping Layers

2.2.1 Citrate Reduction and Further Stabilization

In the middle of the nineteenth century, Michael Faraday reported a systematic study
of the synthesis and properties of colloid gold [8]. Since then a number of different
methods have been developed to synthesize colloidal gold with controllable size. Citrate
reduction method was first proposed by Turkevich et al. in 1951 [14] and then was
developed by Frens in 1973 [15]. It is the most popular method of preparing gold
nanospheres dispersed in water. To a boiling tetrachloroauric acid (HAuCly) solution,
reducing agent trisodium citrate (NasCitrate) is rapidly added with stirring under reflux.
The observation of a deep red color indicates the formation of spherical gold
nanoparticles. Citrate acts both as a reducing and a capping agent in this synthesis. The

average particle diameters ranging from around 12~147 nm can be achieved by varying
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the concentration ratio of reducing/capping agent to the gold salt (NasCitrate to AuCly™
ratio). The bigger is the ratio, the smaller the particles [15, 7, 5]. Once the colloid is
formed, neither prolonged heating nor further addition of NasCitrate will change the
particle size. Particles that are larger than 30 nm show shape deviation from spheres and
larger size-dispersity [5].

The citrate-capped gold nanoparticles were further functionalized by other ligands to
achieve better stability. Bis(p-sulfonatophenyl)phenylphosphane dihydrate dipotassium
salt (BSPP) has been frequently used by Alivisatos’ group [12, 16-18]. In a typical
reaction, an aqueous solution of citrate-stabilized gold nanocrystals was mixed with a
large excess of BSPP at room temperature for more than 10 hours. The nanocrystals were
precipitated by adding solid NaCl until the color changed from red to blue. The sample
was centrifuged, the supernatant was removed, and the pellet was redissolved in BSPP
solution. Methanol was added to the resuspension to precipitate the particles again,
followed by repeat centrifugation, decanting and redissolving the nanoparticles in BSPP
to desired concentration. The resulting BSPP-gold nanoparticles are much more stable in
solution with high ionic strength and can be used for further ligand-attachment.
Mangeney et al. covalently derivatized a hydrophilic polymer monolayer bearing
terminal disulfide groups to the particles by simple mixing. The resulting colloids are
extremely stable and ready for biological applications [19]. Chen’s group proposed a
two-step approach to attach neutral and positively charged thiols onto the citrate-capped
gold particles. They first displaced the citrate and chloride on the particles by thioctic
acid (TA), then exchanged TA by thiols with desired functionality. The slow kinetics of

TA desorption in the second step is crucial to establish sufficient steric stabilization for
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the gold core while losing electrostatic stabilization. This method successfully converts

negatively charged citrate-capped gold nanoparticles into oppositely charged ones [20].

2.2.2 Brust Preparation and Monolayer-Protected Clusters

Another procedure that has become extremely popular for smaller gold nanoparticle
synthesis in organic solvents is the two-phase reduction method developed by Brust and
coworkers in 1994 [21]. In this approach, aqueous HAuCly is transported into toluene by
the phase transfer agent tetraoctylammonium bromide (TOAB). The toluene solution is
then mixed and thoroughly stirred together with sodium borohydride (NaBHy4) in the
presence of alkanethiols. HAuCl, is reduced by a strong reducing agent NaBH4 and
capped with a strong capping agent alkanethiol, which results in stable gold

nanoparticles. The two-step reaction scheme is shown below:

(A) mAuCly™ + mN(CsHi7)4 " (toluene) = M[N(CsH17)4 "AuCly ] (coluenc)
(B) I’I’l[N(CgH]7)4+AUC14_](t01uene) + n(alkanethiol) + 3me — 4mC1_(aq,) +

[(Aum)(alkanethi()l)(n—x)(toluene) + x(alkanethiOI) (toluene) + mN(C8H17)4 +(toluene; aq.)

The organic phase changes color from orange to deep brown within a few seconds upon
addition of NaBH4, which reveals the reaction occurs very fast. Depending on mole ratios
of thiol to gold, the particle size can be tuned to between 1 nm and 5 nm, and the larger
ratios give smaller average core sizes. Faster reductant addition and cooler solutions
produced smaller particles with better monodispersity [22]. The Brust protocol has

contributed greatly to the nanoparticle field because it provides an easy synthesis
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approach to produce monolayer-protected gold nanoparticles of reduced dispersity and
controlled size. The resulting colloidal materials exhibit great stability in both
concentrated solutions and dry powders that can be redispersed after the addition of
organic solvents. They behave as robust large molecules that are amenable to be
functionalized by a variety of ligands.

Subsequently, the Brust route was explored for synthesis of a wide range of
monolayer-protected clusters (MPCs). The MPCs’ capping layers that contained modified
thiol ligands can be straight alkanethiolates with different length of chains,
glutathione[23], tiopronin [24, 25], thiolated poly(ethylene glycol) (PEG) [26-28], p-
mercaptophenol [29] and so on [22]. Although alkanethiol-capped gold nanoparticles are
insoluble, many of those modified MPCs are water-soluble [25, 24, 27, 28], which are
more compatible with biological applications.

Capping agents other than thiolated ligands have also been broadly studied. For
example, Heath ef al. extended Brust’s protocol to produce amine-capped nanocrystals of
2.5 ~ 7.0 nm diameter. They concluded that the amine/gold surface interaction is best
described as a weak covalent bond in contrast to strong covalent bond between thiol and
gold; however, the amine-capped gold nanocrystals are much more stable than amine-
coated bulk gold surfaces, and are nearly as stable as their thiol-capped counterparts.
Physical characterization indicates that the stability of amine-capped particles is
predominantly kinetic and the stability of thiol-capped particles results from a
thermodynamic effect [30].

Murray and coworkers have developed efficient strategies to functionalize MPCs by

“place-exchange” reactions, in which MPCs with alkanethiolate monolayers can be
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replaced by other thiol-ended groups (Figure 2.1) [31, 32, 22]. Rotello el al. further
modified this method to fabricate mixed monolayer-protected gold clusters (MMPCs) for

the recognition of biomacromolecules that are of a similar size scale (6 ~ 10 nm) [33].

R = Br, CN, vinyl, Ph, ferrocenyl, OH, CO,H, CCLCH,, anthraguinone

Figure 2.1 Scheme for a general place-exchange reaction that functionalize alkanethiol-
capped gold MPCs made by Brust protocol with various thiol-ended ligands. Reprinted
with permission from Ref. [7]. Copyright 2004 American Chemical Society.

2.2.3 Other Methods

Peng et al. designed a single-phase and gram-scale route to produce nearly
monodisperse metal nanocrystals. In this method, they dissolved AuCls in toluene with
ammonium surfactants. Reducing agent was either tetrabutylammonium borohydride or
its mixture with hydrazine in toluene, and capping ligands were fatty acids or aliphatic
amines. This strategy yields Au nanocrystals between 1.5 and 7 nm in size [34].

Another approach that has been studied to control the size of nanoparticles is called
seeding growth. In this method, small metal particles are prepared first and later used as

seeds to grow larger particles step by step to avoid secondary nucleation [35, 36]. For
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example, Murphy and co-workers prepared 3.5 nm gold seeds by borohydride reduction
of gold salt in the presence of citrate. The seeds then grew to 5~40 nm particles by
carefully controlling with weak reducing agent and aqueous surfactant as well as
performing step by step seeding [35].

Many other methods have been designed to synthesize gold nanoparticles with
desired size and capping layer. Daniel and Astruc have introduced those approaches with

great details in their review paper [7].

2.3 Optical Properties

One of the most interesting aspects of metal particles is that they usually have deep
colors in the visible spectrum and the colors depend strongly on their size and shape. The
strong light absorption of metal nanoparticles is due to the collective oscillations of
conduction electrons at the surface of nanoparticles in response to the alternating
electromagnetic field of the incoming light, which induces the formation of a dipole in
the nanoparticle (Figure 2.2). This phenomenon is known as surface plasmon resonance.
Only metals with free electrons (such as Au, Ag, Cu) have surface plasmon bands in the
visible spectrum, which give rise to intense colors for those particles. Moreover,
elongated nanoparticles (such as nanorods) usually show two distinct plasmon bands due

to transverse and longitudinal electron oscillations [37] (Figure 2.2).
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Figure 2.2 (Top) Schematic drawing of the interaction of an electromagnetic radiation
with a metal nanosphere. A dipole is induced, which oscillates in phase with the electric
field of the incoming light. (Bottom) Illustration of transverse and longitudinal oscillation
of electrons in a metal nanorod. Reprinted from Material Today, Vol 7, Liz-Marzan,
“Nanometals: Formation and color”, pp 26-31. Copyright 2004 with permission from
Elsevier.

The maximum absorbance of surface plasmon band (SPB) of gold nanoparticles is
generally around 520 nm. But for particles that are smaller than 2 nm in diameter, the
SPB disappears, which is due to quantum size effects [7]. The extinction maximum of
SPB shifts from 518 nm to 533 nm when the particle mean diameter changes from 10 nm
to 48 nm. Additionally, the SPB maximum and bandwidth are also affected by the
particle shape and the modification on the surface. The SPB width is found to increase
with decreasing size when the particle diameter is smaller than 25 nm and to increase
with increasing size when particle diameter is larger than 25 nm [7]. When aggregates

start to form, the red color of gold nanoparticle solutions will turn blue. Under conditions
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of extreme aggregation, the solution becomes colorless and a black precipitate can be
observed at the bottom of the container.

Metal nanoparticles also have large extinction coefficients, which can reach values
several orders of magnitude larger than common organic dye molecules [38, 37, 6]. For
example, the extinction coefficient for colloidal gold (20 nm in diameter) is larger than
10° M cm™ at ~520 nm. The efficiency for the extinction of light (absorption plus
scattering) by metal nanoparticles can surpass that of any molecular chromophore. In
addition, unlike fluorescent tags, gold has an exceptional resistance to photodegradation.
Such favorable optical features are making metal colloids attractive probes for
intracellular imaging. Applications of optical properties of gold nanoparticles will be

discussed in Section 2.6.

2.4 General Considerations for Colloidal Solutions

Before discussing methods for assembling biomolecule-modified gold nanoparticles, it
is important to consider the more fundamental aspects of colloidal solutions. Colloids
were first defined by Thomas Graham in 1861 as stable dispersions of one phase in
another. The stability of colloidal sols is due to a balance of forces including electrostatic
repulsion, van der Waals attraction, and mixing free energy. The former two forces have
been condensed into the well-known DLVO theory (Derjaguin, Landau, Verway,
Overbeek), which explains the stability of charged particles. In DLVO theory, the
attraction between two spheres due to their polarizability (van der Waals attraction) is
compensated by repulsive forces acting between the electrical double layers of the two

spheres. Specifically, the electrostatic repulsion varies as exp(-kr) while the van der
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Waals attraction has an r> dependence, where r is separation distance. Thus, the electrical
double layer normally prevents charged particles from approaching each other to within
distances where their van der Waals attraction can pull them together.

Under certain conditions, however, the length of the electrical double surrounding a
particle (the Debye length) can be reduced. When this occurs, the particles may approach
one another to within distances that enable the van der Waals attraction to dominate the
total interaction energy. Irreversible particle flocculation (fusion of a small number of
particles) will then occur followed by aggregation and precipitation. The conditions that
cause flocculation of charged particles are predicted by the equation governing Debye
length:

x = (¢T/8mne’v?)"?
where ¢ is solution dielectric constant, T is temperature, n is salt concentration, and v is
salt valence. Thus, high concentrations of multi-valent salts will decrease the Debye
length and cause particle flocculation.

The stability of colloidal sols is often improved with the use of “steric stabilizers”.
These are typically large proteins or polymers, placed in solution at concentrations often
1,000 times the particle concentration. Proteins and polymers may adsorb to the particle
surface strongly, in which case stabilization is afforded simply by the large positive free
energy of desorption required prior to particle-particle fusion. Polymer chains that are
free in solution, however, may also cause particle flocculation in some special cases [39].
Flocculation occurs whenever colloidal particles approach so closely that the free
polymer is excluded from the interparticle region. This is an entropic effect; the polymer

leaves the interparticle region in response to the loss of configurational entropy upon
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compression by the particles. Loss of polymer between the particles leaves behind pure
solvent molecules. A reduction in free energy is subsequently gained when the solvent
also leaves the interparticle region to mix with the polymer. This “depletion flocculation”
will only occur by demixing polymer chains and solvent in the interparticle region. In
good solvents, this demixing is thermodynamically unfavorable, and the free polymer in
solution will actually stabilize the sol by preventing close approach of two particles
(depletion stabilization).

Metal colloids are generally stabilized against aggregation by adsorption anions or
polymers onto the surface to afford electrostatic or steric stabilization, as Figure 2.3
illustrates. Finke and his co-workers have ranked the stabilizing abilities of four
commonly employed anionic stabilizers: [(PaW;sNb3Og)20]'® (a Brdnsted-basic
polyoxoanion) > C¢HsO;> (citrate trianion) > [-CH,-CH(CO,)-]," (polyacrylate) ~CI~
[40]. Such standards provide a reference for future work to develop better stabilizing

agents.
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Figure 2.3 (A) An electrostatically stabilized metal particle with electrical double layer
and (B) A sterically stabilized metal particle with adsorbed polymer chains.
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2.5 Assembling Biomolecules to Nanoparticles

The simple adsorption of proteins on nanoparticles has been broadly investigated [41,
42]. In the case of nanoparticles that are stabilized by anionic ligands such as citrate or
lipoic acid, proteins are often coupled through noncovalent electrostatic interactions. For
examples, gold nanoparticles produced by the citrate method, have been functionalized
with protein G [43], protein A [43, 9], bovine serum albumin (BSA) [44], cytochrome ¢
[45] and other protein molecules. The pH values of both the ligand solution and colloid
should be adjusted to slightly above the isoelectric point of the ligand before assembly is
performed [41]. This allows an effective electrostatic binding between the positively
charged amino acid side chains of the protein and the negatively charged citrate groups
on the colloids. Proteins attached to gold particles afford steric stabilization to the system
to prevent flocculation. More important, unlike adsorption on flat gold surfaces, the
proteins coated on gold colloids retain their native structure without denaturation, which
allows further application of those bio-modified nanoparticles [46, 47].

Thiolated nucleic acids or oligonucleotides have been extensively applied to attach to
gold nanoparticles. Mirkin’s group prepared alkanethiol oligonucleotide-modified gold
nanoparticles by mixing citrate-capped 12-nm gold nanoparticles and thiolated
oligonucleotides at room temperature for 16 hours, and then “ageing” the solution in 0.1
M NaCl, 10 mM phosphate buffer (pH 7) for 40 hours, followed by centrifugation to
remove excess reagents [48]. Keating’s group modified this approach by incubating the
mixture of oligonucleotdie and colloid at 37 °C for 8 hours and “aging” the solution for at
least 16 hours before centrifugation [49]. On the other side, Alivisatos’ group stabilized

gold nanoparticle with BSPP (see Section 2.2.1 for details) first, and then added thiolated
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ssDNA to the BSPP-gold solution in 0.1 M NacCl for incubation about 1 hour at room
temperature [12]. All of the methods can provide stable oligo-gold bioconjuates, whose

application will be discussed in Section 2.6.2.

2.6 Biological Applications of Metal Nanoparticles

2.6.1 Protein-Gold Nanoparticles for Cellular Imaging

Transmission electron microscopy (TEM) in conjunction with colloidal gold labels
has been used to image subcellular structures for at least 30 years. The high electron
density of gold particles as well as the homogeneity of the particles shape and size, make
them highly conspicuous under TEM and avoid confusion with naturally occurring cell
structures. In addition, relatively simple methods can be used to obtain populations of
gold particles of different average sizes, which allow simultaneous detection of several
targets.

The immunolabeling applications of colloidal gold to detect specific biological
components have been extensively reviewed in the book edited by Hayat in 1989 [8].
Most of the studies were based on the interaction between antibody conjugated gold
nanoparticles and their antigens. For example, protein G-gold was used for the indirect
two-step immunolabeling approach as shown in Figure 2.4. The antigens existing at the
surface of the tissue section or cells are first exposed to a specific antibody, IgG in this
case, to form antigen-antibody complex. Extra antibody is washed away after binding.
Protein G-gold complexes are then added to the surface to interact with the IgGs left on
the surface through their previous binding to the antigens. Through this indirect method,

the gold particles can reveal the location of the antigens with high resolution. The same
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strategy has been applied for detection of different targets on tissues or cells by gold

conjugation with other proteins, such as protein A [43] and lectin [50].

Au <4— Protein G

<+«— IgG

A A e

tissue or cell surface

Figure 2.4 Diagram illustrating the immunolabeling of protein G-gold nanoparticles to
antigens: a IgG first interacts specifically with the antigen existing on tissue or cell
surface, followed by a protein G surrounding the gold particle interacts with the IgG and
the gold particle allows for the detection by TEM.
2.6.2 DNA-Gold Nanoparticles for Biomolecular Detection

Whereas protein-coated gold colloids have been used for decades, it is only recently
that conjugates of nucleic acids and gold nanoparticles have become popular subjects of
research. Those studies are focused on the potential use of the unique hybridization
ability of complementary DNAs to direct the assembly of gold nanoparticles. The
formation of the network can be displayed by color change of the particles.

One of the pioneer works designed by Mirkin and colleagues in 1996 utilized the

sensitive SPB shift of gold nanoparticles controlled by the aggregate size. To two batches

of 13-nm gold particles that were functionalized with two non-complementary
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oligonucleotides, another oligonucleotide with “sticky ends” complementary to the two
sequences were added. The particles rapidly self-assembled into aggregates. This process
was thermally reversible and the reaction was sequence-specific [11]. This group further
developed a highly selective, colorimetric polynucleotide detection method based on
oligonucleotide-modified gold nanoparticle probes. The introduction of a single-stranded
target oligonucleotide resulted in the formation of a polymeric network of nanoparticles
which can be visualized as a red-to-pinkish/purple color change and allows “on-spot”

detection as little as 10 femtomoles of an oligonucleotide [48, 51] (Figure 2.5).

n Polynucleotide
targets

Figure 2.5 Schematic illustration of the concept for generating aggregates signaling
hybridization of nanoparticle-oligonucleotide conjugates with oligonucleotide target
molecules. Reprint with permission from Ref. [51]. Copyright 1997 AAAS.
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Alivisatos et al. has pioneered another strategy to organize “nanocrystal molecules”
using DNA. They attached single-stranded oligonucleotides of defined length and
sequence to individual nanocrystals, which assembled into dimers and trimers on addition
of a complementary ssDNA template [10]. This group also utilized a simple technique to
easily probe the attachment of oligonucleotides on nanoparticles by the electrophoretic
mobility determined on agarose gels [16-18, 10]. In this technique, charged particles
migrate in a porous matrix (gel) under an electric field; particle mobility depends on their
charge and size. With this method, they were able to isolate 5 and 10 nm gold
nanocrystals bearing different numbers of ssDNA [18] (Figure 2.6), distinguish dimmers
and trimers of particles [17], and determine the effective diameter of the DNA/gold

conjugates [16].

Figure 2.6 Electrophoretic mobility of 5 nm Au/ssDNA conjugates. The gel can separate
gold nanoparticles attached with different numbers of ssDNA. Reprinted with permission
from Ref. [18]. Copyright 2001 American Chemical Society.
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Numerous other applications of DNA-gold nanoparticles emerged from worldwide
research groups. For instance, Niemeyer’s group used covalent DNA-streptavidin
conjugates as scaffoldings for the assembly of biotinylated gold nanoparticles along a
nucleic acid template by means of high-affinity streptavidin-biotin interaction [52-56].
Keating et al. reported oligonucleotide-bound-gold nanoparticles can also serve as

primers for enzymatic extension reactions [49].

2.6.3 Carbohydrate Modified Gold Conjugates

Recently carbohydrate-conjugated gold nanoparticles have attracted increasing
attention as efficient labeling probes and multiligand carriers in biological system. Such
3D multivalent systems provided globular structure on which clustering and orientation
effects can be examined. Gold glyconanoparticles, consisting of gold nanoclusters
functionalized with thiol-derivatized neoglycoconjugates, were reported to investigate a
novel mechanism of cell adhesion through carbohydrate-carbohydrate interactions [57,
58]. Mannose-encapsulated gold nanoparticles were shown to bind specifically to FimH
adhesin of bacterial type 1 Pili in escherichia coli by TEM [59]. Another application of
mannose-stabilized colloidal gold systems has been reported for the rapid and

quantitative colorimetric detection of carbohydrate binding proteins [60].

2.6.4 Nanoparticles for Intracellular Targeting and Disease Diagnosis
Targeted entry into cells is an increasingly important area of research. Metal,
semiconductor, polymer, and magnetic particles have been introduced into cells

previously. This section briefly reviews some of those significant applications.
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Gold particles are well-established carriers for particle-mediated gene transfer system,
which also known as “gene gun”. In this approach, helium replaced gunpowder as the
particle propellant for most gene gun devices; gold particles are typically approximately
Ium in diameter. DNA-coated gold particles were shot directly into the target, and they
can penetrate though the cell membrane to release the DNA for further gene therapy.
Current applications of gene gun include genetic vaccination, genetic pharmacology and
cancer therapy. There are several advantages of gene gun over other delivery systems: in
vivo disease-treatment, cell-receptor independence, delivery of different sizes of DNA,
lack of any virus or toxic chemical, penetration into different cell types and possibility for
repetitive treatment. However, gene gun is limited by the degree of penetration into the
tissue as well as the short-term and ineffective gene expression [61].

Mixed monolayer protected gold clusters (MMPCs) functionalized with quaternary
ammonium chains were prepared to efficiently transfect plasmid DNA in mammalian cell
cultures by Rotello’s group [62]. Leong el al. has presented another non-viral gene-
delivery system based on a bi-functional gold/nickel nanorod that can simultaneously
bind compacted DNA plasmids and cell-targeting protein in different segments of one
single rod. Transfection experiments performed in vitro and in vivo suggested the
potential application of the bi-segment nanorods in genetic vaccination [63].

Gold particles modified with peptides have been used for investigating nuclear
transport in the pioneering work of Feldherr and coworkers [64-66]. The gold
nanoparticles were coated with nucleoplasmim (a karyophilic Xenopus oocyte protein) or
bovine serum albumin (BSA) conjugated with peptides containing nuclear localization

signal (NLS) from SV-40 virus. The KKKRK sequence from the SV-40 virus has been
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shown to bind to importin-a, a nuclear transport protein that binds importin-f and enters
the nucleus through the nuclear pore complex. The nuclear import of the gold
nanoparticles was analyzed directly by electron microscopy. However, in those studies
the nanoparticle-peptide complex was injected directly into the cytoplasm near the
nucleus, thus bypassing cellular membrane entry and endosomal/lysosomal pathways.

Weissleder and coworkers derivatized superparamagnetic nanoparticles with the HIV
Tat peptide. The peptide sequence RKKRRQRRR from the Tat protein has been found to
promote uptake into cells across the plasma membrane previously [67]. So in this study,
the peptides containing this sequence have been used to shuttle dextran-coated magnetic
nanoparticles of iron oxides into nuclei of HeLa cell line. Upon uptake of magnetic
nanoparticles, the labeled cells can be readily detected in vivo by magnetic resonance
imaging [68-70]. Magnetic nanoparticles were also applied for in vivo tracking and
recovery of progenitor cells [71, 72].

Halas and West groups have developed gold nanoshells as a thermal therapeutics for
cancer treatment. The nanoshells are spheres (usually 130 nm diameter) of electrically
inert silica coated with a thin layer of gold with tunable optical resonance. By varying the
relative thickness of the core and the shell, the plasmon resonance of particles can be
dramatically shifted from the visible region to the infrared region. The absolute size of
the nanoshell can determine whether the particle adsorb or scatter light. Since the surface
properties of gold nanoshells are virtually identical to those of gold nanoparticles,
conjugation with biomolecules such as enzymes and antibodies has been demonstrated
[73]. Recently, the groups found when irradiated with near infrared (NIR) light, where

optical absorption in tissue is minimal and penetration is optimal, the nanoshells deep in
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tissue can be used to deliver a therapeutic dose of heat. Based on the experimental result
that polyethylene glycol (PEG) stabilized-nanoshells could destroy human breast
carcinoma cells grown in culture, they directly injected the nanoshells into subcutaneous
tumors of a mouse model and exposed the skin under NIR light. The particles were
heated up to high enough temperature to kill the cancerous tissue [74].

Semiconductor quantum dots (QDs) (CdSe/ZnS core-shell nanocrystals) are among
the most promising emerging fluorescent tags for cellular imaging. QDs offer advantages
over conventional dyes in their unique properties such as tunable fluorescence signatures,
narrow emission spectra, brighter emission and low photobleach [75]. Many progresses
have been made recently in the fields of biomolecules-derivatized-QDs for cellular
targeting and imaging. Wu et al. used QDs linked with IgG and streptavidin to label the
breast cancer marker Her2 on the surface of fixed and live cancer cells, to stain
components in the cytoplasm and to detect nuclear antigens inside the nucleus [76].
Ruoslahti and colleagues reported that QDs coated with a lung-targeting peptide
accumulated in the lungs of mice after in injection, while two other peptides specifically
direct QDs into blood vessels or lymphatic vessels in tumors. When co-coupling peptide
with PEG onto the surface of QDs, the colloidal aggregation problem was overcome and
nonselective accumulation in the reticuloendothelial system was inhibited, thereby
increasing circulation half-life [77]. Dubertret et al. encapsulated individual QD in
phospholipid block-copolymer micelles and demonstrated imaging after injecting into
Xenopus eggs [78]. Synthetic phytochelatin-relateds peptides are applied to modify the

surface of QDs to achieve high colloidal stable particles. Pinaud and co-workers showed
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that QDs coated with biotinylated peptides were specifically targeted to the cell

membrane of HeLa cells expressing a certain type of avidin proteins [79].

2.7 Summary

Gold nanoparticles possess a number of qualities that make them useful probes for
interrogating cellular processes. They are synthesized in sizes ranging from 1 nm to 200
nm using simple one-step aqueous procedures, and their surfaces can be modified with
nearly any small molecule, polymer, peptide, oligonucleotide, or protein. Their light
extinctions are enormous and can be tuned across the visible and near infrared regions of
the spectrum simply by changing particle size and shape. This allows multi-color, single-
particle imaging with a single light source. Finally, gold particles have been shown to be
inert in vivo. Based on these unique properties, my research is trying to combine multiple
membrane-translocating peptides and therapeutic oligonucleotides on a single gold
nanoparticle scaffold as a delivery vector. Of paramount importance in the construction
of the vectors is understanding how to formulate peptide-gold bioconjugates that are
stable in high ionic strength biological media containing potentially exchangeable
biomolecules, how to quantitate the number of adsorbed biomolecules per gold particle
and how to image gold nanoparticles inside of cells. Detailed experimental design,

protocols and results of these studies are addressed in next several chapters.
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Chapter 3

Research Design



3.1 Background and Design

A major goal of modern therapeutic delivery is to create a bioconjugate capable of
seeking out specific cells in vivo, traversing the cell and nuclear membranes, and
releasing a therapeutic in the nucleus. Recent advances in antisense therapy provide new
approaches to the regulation of transcription or modification of RNA splicing in the
nucleus resulting in altered protein expression as possible therapies for cancer [1].
However, the lack of an effective delivery vehicle for therapeutic oligonucleotides
presents a major obstacle for targeting the spliceosome in the nucleus using antisense
oligonucleotides.

While selective delivery can be achieved by nonviral vectors, current understanding
and control of the delivery mechanism is inadequate for many therapeutic applications.
The complicated nature of receptor-mediated uptake and transport requires more effective
evaluation of delivery vectors. Recognizing the multitude of challenges associated with
nuclear targeting, and following the presumption that no single peptide will be effective
at specific cell recognition and nuclear targeting, we have been pursuing a new approach
to nuclear translocation. The general strategy is based upon nuclear targeting in biology
accomplished by viruses, which commonly utilize different peptides for crossing each
cellular membrane barrier. We try to identify the most capable peptides for
accomplishing each of the requirements stated above and then to combine these peptides
on a single nanometer-sized platform. Gold nanoparticles were chosen as carriers to build
up the nano-constructs and as probes for observation under microscope.

Figure 3.1 shows a desire pathway for nanoparticle-vectors containing both RME and

NLS peptides as well as therapeutic oligonucleotides. First, the RME signal will be
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recognized by the cell surface receptors and the vector can thus enter the cell through
receptor-mediated endocytosis pathway. Second, the vector will escape from the
endosome before it is degraded or recycled. Third, the NLS peptide will interact with the
nuclear pore complexes and cross the nuclear membrane. Finally, the oligonucleotide

inside the nucleus can express itself for further therapeutic function.
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Figure 3.1 A desired pathway of oligonucleotide delivery by peptide-nanoparticle
vectors.

There are several specific aims for this study to satisfy the requirements of delivering
oligonucleotides to disease cell lines efficiently. 1) Devise new formulations of peptide-

nanoparticle complexes that consist of multifunctional sequences. 2) Characterize the
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complexes by quantifying the number of peptides on each nanoparticle and studying their
stability in biological media. 3) Deliver the multifunctional vectors to cells (HeLa,
NIH/3T3 and HepG2) and examine their translocation inside the cells. 4) Apply the
nanoparticle vectors to transport oligonucleotides in vitro to HeLa cells and investigate
their antisense function. Our experimental designs related to these four aims are

described below.

3.2 Preparation of Peptide-Gold Nanoparticle Vectors

3.2.1 Size Requirement

Size and purity of delivery vectors should be strictly controlled. Nevertheless most
delivery vectors are either quite large (50 ~ 1000 nm), limiting nuclear delivery to
nondividing cells; or some vectors are extremely small (e.g. dendrimers), limiting the
number of functions that can be incorporated. Size is important because the circulation of
particles in vivo has been shown to be size dependent [2, 3]. In addition, endocytosis is
achieved only if the delivery vector is 200 nm or less in diameter, while access to tumor
tissue from the vasculature is limited to particles less than 70 nm in diameter. Finally,
only particles that are less than 30 nm in diameter are able to traverse nuclear pores under
most conditions. These size limitations suggest that a particle in the 10 ~ 30 nm size
range is desirable as a delivery vector. Since 10 nm particles failed to be observed by
light microscopy, citrate-capped gold nanoparticles that are 20 nm in diameter were

chosen for all studies presented here.
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3.2.2 Peptide Sequences

Short targeting peptides of viral origin are adopted in our study because of prior
observations that the functionally active portions of many viral proteins consist of
relatively small sequences, typically around 10-20 amino acids. Specific sequences of
interest for cell delivery include peptides for cell recognition, receptor-mediated uptake,
endosomal release, and peptides that facilitate nuclear transport. To search for the most
capable signals, a library of peptides is created and attached to gold particles (Table 3.1).
Amino acids in red or green are functional regions of the peptides. The library contains
completely synthetic sequences as well as synthetic amino acid sequences incorporating
targeting signals derived from viral proteins. In this thesis, my focus is on several key
peptides (highlighted in Table 3.1), including adenoviral NLS, adenoviral RME, full

adenoviral fiber sequence (containing both adenoviral NLS and RME) and SV-40 NLS.

Table 3.1 Library of peptide sequences studied in Feldheim group

Sequence Origin MW
-CGGRKKRRQRRRAP HIV Tat NLS 1271
-CGGRKHRRQRHRAP H-Modified #1 1725

-CGGFSTSLRARKA Adenoviral NLS 1353
-CKKKKKKGGRGDMFG Integrin domain 1668
-CKKKKKKSEDEYPY VPN Adenoviral RME 2084
—CAAVALLPAVLLALLAP RME bypass 1619
-CKKKKKKKKKKKKKKKK Synthetic 2172
-CGGGPKKKRKVGG SV-40 NLS 2172
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-CKKKKKKAAAPKKKRKV Integrin domain + SV-40 NLS | 2689

- CGGRKKRRQRRR HIV Tat NLS + RME bypass 3054
Full adenoviral fiber
-CKKKKKKKSEDEYPY VPN A (adenoviral NLS + RME) 3330

Adenovirus fiber protein is known to contain both RME and NLS sequences. Zhang
et al. synthesized a peptide of 20 N-terminal amino acids of adenovirus fiber protein and
polylysine (AKRARLSTSFNPVYPYEDES-K;y). This peptide was able to attach,
condense and transfer plasmid DNA to the nucleus of transfected cells with equal if not
higher efficiency than liposome vectors with less toxicity than viral vectors [4].

Gold particles modified with the nuclear localization signal (NLS) from SV-40 virus
have been used extensively for investigating nuclear transport in the pioneering work of
Feldherr and coworkers [5-9]. The KKKRK sequence from the SV-40 virus has been
shown to bind to importin-o,, a nuclear transport protein that binds importin-f3 and enters
the nucleus through the nuclear pore complex. However, in those studies the
nanoparticle-peptide complex was injected directly into the cytoplasm near the nucleus,
thus bypassing cellular membrane entry and endosomal/lysosomal pathways.

In our peptide library, each peptide was prepared with a terminal cysteine to permit
conjugation to the lysine residues on the surface of BSA though a crosslinker.
Furthermore, adenoviral RME peptide was synthesized with a biotin group at the N-
terminal in order to bind to streptavidin. Those conjugates were then attached to gold

nanoparticles and delivered into several cell lines to study their translocation abilities.
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3.2.3 Conjugation of Peptides and Gold Nanoparticles

We have applied two methods to prepare the peptide-nanoparticle vectors. The direct
attachment approach uses thiolated peptides and thiolated polyethylene glycol (PEG) to
covalently bind on the surface of gold nanoparticles. PEG here introduces steric
stabilization to this system (Figure 3.2A). The nanoparticles are negatively charged due
to the citrate passivating layer, and protein or protein conjugates could bind
electrostaticly to the gold surface through positively charged amino acid side chains.
Therefore, in the indirect method, peptides are first conjugated to proteins and then

attached to gold nanoparticles (Figure 3.2B). My research focuses on the second strategy.
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Figure 3.2 (A) Direct approach to covalently attach thiolated peptides onto a gold
nanoparticle. PEG is used as stabilizer. (B) Indirect approach to conjugate peptides with
proteins first and then attach the conjugates to a gold nanoparticle.
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Two proteins, bovine serum albumin and streptavidin, are used as linkers for complexing
peptides with nanoparticles.

Albumin is a class of simple, water-soluble proteins that are found in egg white,
blood serum, milk, and many other animal and plant tissues. Serum albumin is most
abundant protein in the plasma, and its structure, properties and interaction with other
proteins have been broadly studied [10]. Bovine serum albumin (MW: ~ 67,000 D) is

widely used in cytochemical studies as a molecular scaffold for the conjugation of

Figure 3.3 Synthesis of MBS linked BSA-peptide conjugates

fluorescent markers, peptides and protein fragments. However, there is no X-ray crystal

structure available for BSA and therefore a description of the structures and yields for
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conjugation steps have not yet been fully elucidated. The conjugations of BSA to other
ligands are mostly facilitated by interaction between primary amines of BSA and NHS
esters of ligands. Therefore, BSA can be linked to peptides through 3-maleimidobenzonic
acid N-hydroxysuccinimide ester (MBS), which is a heterobifunctional cross-linker with
an NHS ester on one end and a maleimide group on the other. The NHS ester reacts with
primary amines of BSA (most from lysines) to form stable amide bonds, then the
maleimide end reacts with sulthydryl groups of peptides to form stable thioester linkages
(Figure 3.3) [11, 12]. The resulting BSA-peptide conjugates were then electrostatically
attached to gold nanoparticles to achieve the peptide/nanoparticle vectors.

Another strategy is based on the strong binding between streptavidin and biotin.
Streptavidin is a tetrameric protein isolated from Streptomyces avidinii, usually with
molecular weight of about 60,000 D. Each subunit of streptavidin has one biotin-binding

site with tryptophan and lysine residues involved in forming the binding pocket. The

Figure 3.4 Streptavidin with biotin (Protein Data Bank, 1SWR)
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structure of streptavidin-biotin conjugate is available in the protein data bank (Figure
3.4). Streptavidin is an extremely robust protein that can keep its native structure under a
wide range of pH values, buffer conditions and chemical modifications. The binding of
biotin to streptavidin promotes the stability of the complex. The streptavidin-biotin
interaction is one of the strongest non-covalent affinities known, with a dissociation
constant of about 1.3 X 107> M [11]. It is reported that the binding pocket is constructed
by three different binding motifs: 1) hydrophobic and van der Waals interactions of
mainly four streptavidin tryptophan side chains; 2) an effective hydrogen bonding
network; 3) a binding surface loop folding over the ligand [13]. There are two routes to
prepare peptide-nanoparticle complexes via streptavidin. Route A is to coat gold
nanoparticles with streptavidin first, and then attach the biotinylated peptides or
oligonucleotides to the modified particles. Route B is to conjugate biotinylated peptides
or oligonucleotides to streptavidin, and then electrostatically bind the conjugates to gold

nanoparticles (Figure 3.5). Complexes synthesized by both routes are compared in
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Figure 3.5 Two different routes to modified gold nanoparticles with biotinylated peptide
(BP) or oligonucleotide (BO) via streptavidin. (A) Coat SA on the particle first then bind
to BP or BO. (B) Conjugate SA with BP or BO first then attach to the particle.

3.3 Characterization of Vectors

More information about the peptide-nanoparticle complexes, such as the stability in
biological environments, ligand exchange properties and numbers of proteins adsorbed
on each particle, are needed for further application of the vectors. The vectors were thus
characterized by UV-vis spectroscopy, fluorescence spectroscopy, FTIR spectroscopy,
dynamic light scattering (DLS) and gel electrophoresis.

Gold nanoparticle sols are unstable with respect to precipitation, and will flocculate
rapidly upon addition of electrolytes [14]. The addition of proteins can increase the
stability of the sols. Flocculation measurements and critical flocculation concentration
(CFC) tests are adopted in order to investigate the stability of the constructs studied here
in an environment similar to those applicable for biological systems. For example, the
concentration of NaCl in regular cell culture media is about 150 mM. UV-vis spectra are
taken in the two studies to probe the changes of the surface plasmon band of gold.

It is important to quantify biomolecules bound on each particle. The number of
peptides conjugated to each BSA can be examined by SDS-PAGE gel electrophoresis and
the number of proteins bound to each gold nanoparticle can be obtained by the
fluorescence difference method. In addition, proteins conjugated with two different signal
peptides are attached to one single nanopartilce and the molar fraction of each type of
protein on particle can also be quantitatively investigated by fluorescence difference

method.
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Since the biomolecule-nanoparticle complexes will be applied into cells, it is essential
to know whether some of the key ligands in cells such as glutathione will replace
biomolecules on the gold nanoparticle surface. Fluorescently-labeled-BSA coated gold
nanoparticles are thus added into glutathione solution to study the ligand exchange over
time. A similar experiment is also applied to study streptavidin coated particles exchange

in cell growth media with fetal bovine serum (FBS).

3.4 Observation of Intracellular Uptake by Light Microscopy

To test the cellular delivery of peptide-modified gold particle vectors, we used the
following three cell lines: HelLa, 3T3-NIH and HepG2. HeLa cells are derived from
cervical cancer and used as model cancer cells. 3T3 is a widely used mouse fibroblast cell
line, and 3T3-NIH cells were from the National Institute of Health in the USA. HepG2
cells origin from a human primary liver cancer.

After delivering nanoparticle vectors into cells, a number of techniques are available
for visualizing nanoparticle uptake, including transmission electron microscopy (TEM).
TEM is used extensively for intracellular imaging of biomolecule-gold conjugates. The
major disadvantages of TEM are its high cost, laborious sample preparation, the ability to
analyze only thin cell slices, and slow data analysis.

The unique optical properties of colloidal gold enable their identification by relatively
simple light microscopy techniques. Undoubtedly light microscopy gives an advantage in
terms of convenience and speed. The resolution in light microscopy is limited by the

wave nature of light.
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In the above equation, R is the resolution, A is the wavelength of the light used to
illuminate the specimen and N.A. is Numerical Aperture (1.40 for high-end optics).
Using this equation the best possible resolution attainable using N.A. = 1.40 optics for
wavelengths of 400 to 700 nm is ~200 nm (the Abbe limit). As a result, many techniques
have been employed to enhance the visibility of colloidal gold particles, which are
typically smaller than the resolution limit of light microscopy. One method is silver
enhancement. This method uses the gold colloid as a nucleus to create a silver reaction
product of high opacity and sufficient size to become visible in the light microscope. This
technique allows one to detect colloidal gold particles as small as 5 nm [15, 16].
However, silver enhancement cannot be used to image particles in living cells, and the
size of the silver reaction product limits the spatial resolution of the label.

Recent advances in video microscopy have increased the resolution limits of light
microscopy. With video-enhanced light microscopy structures that are an order of
magnitude smaller than the resolution limit of the light microscope can be detected [17,
18]. Individual gold particles of 20-nm diameter can be observed routinely with
reflection-contrast microscopy [15, 19] and high contrast video microscopy (Nanovid),
and the use of video-enhanced light microscopy to image colloidal gold inside living cells
has been reported [20-22].

It should be noted, however, that there are several caveats to the optical imaging
techniques described above. First, nanoparticles are only identified as an inflated

diffraction image. Thus, a 20 nm diameter particle will appear as a 200 nm particle in the
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optical image (the diffraction limit). The second caveat is that these techniques are not
very useful for imaging cellular features. For example, high contrast microscopy utilizes
scattering properties of nanoparticles but uses such strong gain and offset settings that
most biological objects disappear from field of view. Therefore, correlations of the
location of a nanoparticle within the ultrastructure of the same cells requires constant
overlay of high contrast image with nanoparticles on top of the brightfield of the cell. The
final caveat is that when imaging nanoparticles inside the cell, some cellular structures
such as out-of-focus dense granules may also appear in an enhanced image as bright or
dark spots, and it is often difficult to distinguish from the nanoparticles.

Many of the disadvantages of optical imaging discussed above have been obviated
recently by utilizing high resolution color cameras [23, 24]. Introducing color into the
imaging system capitalizes on the ability of nanoparticles to extinct polarized light at
different wavelengths than the surrounding biological media. It was recently shown that
silver and gold nanoparticles cause color changes relative to background which can be
observed using simple differential interference contrast (DIC) or video-enhanced color
microscopy. These simple techniques allow simultaneous observation of nanoparticles
inside living or fixed cells via single pass microscopy, without time-consuming image
processing steps. Depending on the choice of DIC hardware (polarizer, wave number
plates, Wollaston prism), the best results are usually obtained using small bias
retardation. This allows one to achieve the highest contrast between nanoparticles and
cellular substructures, while simultaneously maintaining optimum focus on the cell.

Video-enhanced color differential interference contrast microscopy (VECDIC) offers

advantages over traditional black and white enhancements since the latter is often
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difficult to determine if a bright spot or region is due to gold colloids or to cellular
structures such as granules or lipids. Furthermore, VECDIC permits thin sectioning of
cellular features of whole cells. Our group adopts this technique to observe the

translocation of peptide-gold vectors inside cells.

3.5 Cytotoxicity Studies

Although gold is an inert metal, its effect on normal cell proliferation cannot be
underestimated. To determine the viability of cells following uptake of gold
nanoparticles, BSA/gold complexes and BSA-peptide/gold complexes, a lactate
dehydrogenase (LDH) release assay (CytoTox 96 Non-Radioactive Cytotoxicity Assay,
Promega) was performed in both HeLa and HepG2 cell lines. In general, cellular
cytotoxicity reactions are studied by methods that involve the release of a dye or a
radioisotope from lysed target cells. LDH release from cultured cells exposed to a
biomaterial was proved to provide a sensitive and quantitative measure of natural
cytotoxicity. LDH is a cytosolic enzyme present within all mammalian cells. The normal
plasma membrane is impermeable to LDH, but damage to the cell membrane results in a
change in the membrane permeability and subsequent leakage of LDH into the
extracellular fluid [25]. Released LDH in culture supernatants is measured with an
enzymatic assay, which results in the conversion of a tetrazolium salt (INT) into a red
product. The general chemical reactions of the CytoTox 96 Assay are as follows:

NAD" + lactate — pyruvate + NADH

NADH + INT — NAD" + formazan (red)
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The amount of color formed is proportional to the number of dead cells. The absorbance
of the medium after the assay treatment can be measured by UV-vis spectroscopy and the

percentage of dead cells can then be determined.

3.6 Application of the Vectors for Antisense Oligonucleotide Delivery

Gene therapy and delivery of oligonucleotides as drugs that will modify protein
expression present a new approach to the treatment of cancer. We focus on one particular
experiment using an antisense oligonucleotide to alter RNA splicing because the method
we shall describe has been successfully employed by our collaborator Dr. Kole of UNC
Medical Center. The Kole lab has developed an assay to examine the nuclear
translocation of an oligonucleotide and its antisense function [26].

The surprisingly small number of human genes, which has recently been estimated to
be ~ 30,000, suggests that RNA processing, and in particular alternative RNA splicing, is
in large part responsible for the diversity of gene products in human and mammalian
cells. The ability to manipulate alternative splicing using antisense nucleotides makes it
an important approach for altering gene expression [27]. In diseases resulting in a loss of
gene function, even a modest increase in correct splicing and gene expression may have
significant therapeutic value. Genes involved in cancers that yield either pro- or anti-
apoptotic products are good examples of potential targets for alternative RNA splicing.
The proof of principle has been provided for these experiments in the application of
modified oligonucleotides to alter RNA splicing in the f—thalessemia protein. Dr. Kole’s
lab has spliced the intron from this gene into the gene for enhanced green fluorescent

protein (EGFP). The modified EGFP gene was then cloned into HeLa cells. The HeLa
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cell line serves as a rapid assay for the delivery of oligonucleotides to the nucleus since
each successful delivery of an antisense oligonucleotide results in the expression of a
number of copies of EGFP. In the absence of antisense oligonucleotide, the RNA splicing
is not altered and the intron remains in the gene preventing translation of the gene by the
ribosome. Details of the assay are described in Section 1.3. Recently, Kole and
collaborators have further cloned the identical modified EGFP gene into a mouse, thus
successful nuclear delivery to cells in animal model can be tested [28]. They also studied
several different oligonucleotide analogs, including methoxyethyl-phosphorothioate,
morpholino and peptide nucleic acid (PNA), and PNA showed the best antisense
function.

This approach is particularly interesting to us because it provides an easy method to
investigate the efficiency of the peptide-nanoparticle vectors for therapeutic
oligonucleotide transportation. We plan to apply the vector to deliver PNA with the
complementary sequence to bind the mutation site of pre-mRNA in the EGFP modified
HeLa cells. Only when the particles with multiple functional biomolecules are stable and
able to escape all the intracellular barriers, the PNA can be successfully delivered into
nuclei of HeLa cells and can properly function as antisense sequence. In this case green
fluorescence would be observed as a positive signal of successful delivery and function in
the cell nucleus (Figure 1.3). Furthermore, RNA of the cells will be isolated and used in
reverse transcription polymerase chain reaction (RT-PCR). The PCR products will be
analyzed by electrophoresis to give more accurate information of whether the

oligonucleotide corrects the mutant pre-mRNA.
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Chapter 4

Experimental Protocols



4.1 Introduction

This chapter focuses on experimental procedures. Materials and instruments used in this
study are listed in Section 4.2. Strategies for preparation and characterization fluorescently
labeled BSA, BSA-peptide conjugates, BSA and BSA-peptide modified gold nanoparticles
are described in Section 4.3. Section 4.4 introduces approaches to prepare streptavidin and
streptavidin-biotinylated biomolecule conjugates coated gold nanoparticles via two different
routes, as well as characterization of those conjugates by flocculation assays, critical
flocculation concentration tests, FTIR, native gel electrophoresis, fluorescence difference
method. Intracellular delivery of biomolecule/gold nanoparticle complexes and cytotoxicity
studies in two different cell lines are presented in Section 4.5. Section 4.6 includes
procedures of delivering antisense oligonucleotide in enhanced green fluorescence protein
modified HeLa cells by streptavidin-peptide/gold vectors, as well as methods for tracking the

antisense function by fluorescence microscopy and RT-PCT technique.

4.2 Materials

Gold nanoparticles (20 nm in diameter) were purchased from Ted Pella. Bovine serum
albumin (BSA) was purchased from Roche (molecular weight: ~ 67 kDa). Streptavidin (SA)
(molecular weight: ~ 60 kDa) was purchased from Sigma. Tetramethylrhodamine
isothiocyanate labeled streptavidin (RSA) was purchased from Pierce. The peptide sequences
(including the biotinylated peptide) investigated in this work were custom made by The
University of North Carolina Peptide Synthesis Facility (Table 4.1). The biotinylated DNA
(BD) and biotinylated leash DNA (BLD) was ordered from MWG-Biotech (Table 4.2). The

peptide nucleic acid (PNA) was ordered from Applied Biosystem.
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Table 4.1 Peptide sequences used in this study

No. Sequence Origin MW
P1 | -CGGFSTSLRARKA Adenoviral NLS 1353
P2 | -CKKKKKKSEDEYPYVPN Adenoviral RME | 2084
P3 | -CKKKKKKKSEDEYPYVPNFSTSLRARKA Adenoviral Fiber | 3330
P4 | -CGGGPKKKRKVGG SV-40 NLS 2172

Table 4.2 Oligonucleotides and peptide used for

conjugating to streptavidin-coated gold

nanoparticle
Name | Description Sequence MW
BD 5’ biotinylated DNA oligonucleotide, | 5’-biotin-GCT ATT ACC TTA 5866
18mer ACC CAG-3’
5’ biotinylated, 3’ rhodamine green | 5’-biotin-GCT ATT ACC TTA
RBD 6488
labeled, DNA oligonucleotide, 18mer ACC CAG-rhodamine-3’
N-terminal biotinylated, adenoviral RME | Biotin-
BP5 2524
peptide GCKKKKKKSEDEYPYVPNF
Ac-Cys-GCT ATT ACC TTA
PNA Peptide nucleic acid, 18mer 4960
ACC CAG
5’ biotinylated leach DNA oligonucleotide, | 5’-biotin-TTT CTG GGT TAA
BLD 5076
15mer GGT-3’

3-maleimidobenzonic acid N-hydroxysuccinimide ester (MBS), dithiothreitol (DTT) and
rhodamine B isothiocyanate (RBITC), glutathione were obtained from Sigma. Sodium citrate
dihydrate was obtained from Mallinckrodt Chemical.

Tris-HCI prepacked PAGE gels, SDS-PAGE sample buffer, native sample buffer, bio-

safe Coomassie G250 stain, and ethidium bromide were purchased from Bio-Rad. Agarose
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DNA grade (high melting), tris-boric acid-EDTA 5X buffer, tris-glycine 10X buffer
(electrophoresis grade), and 20X saline-sodium citrate solution (pH 7.0) were purchased
from Fisher.

Sephadex G10-50 was purchased from Sigma. Centricon and Microcon were purchased
from Millipore. Spectrum dialysis membrane (MWCO: 10,000) was ordered from Fisher.

HeLa, HepG2 and 3T3/NIH cell lines were obtained from the American Type Culture
Collection (Rockville, MD). Regular eagle’s minimum essential medium (EMEM), EMEM
without phenol red, fetal bovine serum (FBS) and Dulbecco’s Phosphate-buffered Saline
(PBS) were ordered from BioWhittaker. Glutaraldehyde, paraformaldehyde, cacodylic acid
sodium salt trihydrate and FlourSave reagent (the aqueous mounting medium) were
purchased from Fisher. CytoTox 96 Non-Radioactive Cytotoxicity Assay was purchased
Promega.

All UV-VIS absorption measurements were acquired on a Hewlett Packard 8453
Chemstation Photo Diode Array Spectrophotometer with attached Chemstation software.
Fluorescent intensity data were obtained from Perklin Elmer luminescence spectrometer
LS50B or BioTek FL-600 plate reader. Infrared Raman spectra were performed by Bio-Rad
Excalibur spectrometer. Regular gel electrophoresis images were scanned by Epson Stylus
Scan 2500. Luminescent gel electrophoresis images were taken by Gel Doc 2000 Gel
Documentation System.

The oligonucleotide delivery in enhanced green fluorescence protein (EGFP) modified
HeLa Cells was performed at Dr. Kole’s lab at Lineberger Cancer Center of UNC-Chapel
Hill. All the materials and instruments used for this experiment were described in Section

4.6.
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4.3 Preparation and Characterization of BSA or BSA-peptide Coated Gold

Nanoparticle Complexes

4.3.1 Preparation of Rhodamine B Isothiocyanate-Labeled BSA
The chemistry of Rhodamine B isothiocyanate (RBITC) reaction with amine group is

shown as Figure 4.1. RBITC was first dissolved in dimethylformamide (DMF; 10 mg/mL),

Figure 4.1 Rhodamine B isothiocyanate conjugate to amine groups.

followed by immediately adding 130 pL to a buffered BSA solution (10 mg/mL, carbonate
buffer, pH 9) to produce a molar ratio of RB and BSA of 8:1. The mixture was incubated
under continuous stirring overnight at 4 °C. After completion of the conjugation reaction a
Sephadex G-25 column was used to separate the rhodamine B labeled BSA (RB-BSA) from
the unreacted RB. The concentration of purified RB-BSA was determined with Bio-Rad DC
protein assay kit. Following the manufacture’s protocol, the protein assay was performed by
preparing 5 dilutions of BSA standard from 0.2 mg/ml to 1.5 mg/ml protein. 20 pl of
standards and samples were pipeted into vials, and 100 pl of reagent A was added into each
test tube. After vortexing, 800 pl reagent B was added into each test tube and vortexed again

immediately. After 15 minutes the absorbance of all the standards and sample were read at
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750 nm. Protein concentration vs. absorbance at 750 nm was plotted as standard curve, and

the RB-BSA sample concentration was then calculated.

4.3.2 Preparation and Characterization of BSA-MBS-Peptide Conjugates

BSA or RB-BSA was linked to peptides through 3-maleimidobenzonic acid N-
hydroxysuccinimide ester (MBS). The NHS ester of MBS reacts with primary amines of
BSA to form stable amide bonds, then the maleimide end reacts with sulthydryl groups to
form stable thioester linkages (Figure 3.3) [1, 2]. MBS was dissolved in dimethylformamide
(DMF) (10 mg/mL) and added to aqueous solutions containing BSA (10 mg/mL, in pH 7.4,
phosphate buffer) to produce a molar ratio of MBS to BSA of 40:1. The reaction was allowed
to proceed for 30 minutes at room temperature. Sephadex G-50 was employed to remove
unreacted MBS. Cysteine-terminated peptides have the tendency to form disulfide bonds,
which decreases their binding activity with the maleimide group of MBS. The reductant
dithiothreitol (DTT) was used to cleave the disulfide. In a separate reaction flask, DTT (10
mg) was added to an aqueous solution containing peptide (5 mg/mL in pH 7.4 phosphate
buffer) and stirred for 1 hour at room temperature. Excess DTT was separated by gel
filtration on a G10 column. BSA-MBS conjugates were then mixed with the peptide solution
(20:1 peptide:BSA ratio) and stirred for 5 hours. Free peptides were removed from the
mixture by Centricon YM-30 at 5000 r.p.m. for several hours or dialysis in 500 mL of
phosphate buffer for overnight. The efficiency of conjugation was estimated by mobility shift

assay on SDS-PAGE (7.5 % Tris-HCl) gel electrophoresis.
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4.3.3 Generalities of Gold Nanoparticles

Gold particles purchased from Ted Pella were stabilized with sodium citrate and were
delivered suspended in an aqueous solution of sodium citrate at a concentration of 1.16 nM.
They were stored at 4 °C. The commercial solutions at known concentrations were used to
determine the extinction coefficient of 20 nm particles at ~ 526 nm. The extinction
coefficient (~ 6 X 10° M cm™) was subsequently used to determine the concentration of
colloidal suspensions of biomolecule-modified-particles via a simple measurement of their

absorbance at ~ 526 nm.

4.3.4 Preparation BSA/Gold Nanoparticle Complexes

Gold nanoparticles used in this study are negatively charged due to the citrate passivating
layer, and thus BSA could bind electrostatically to the citrate coating through positively
charged amino acid side chains [3]. All protein/gold nanoparticle complexes were prepared
in a similar fashion. For example, as Figure 4.2 shows, in the preparation of BSA and RB-
BSA bound gold nanoparticles, 1.05 nmols protein was dissolved in 0.1 mL 10 mM
phosphate buffer (pH = 7.4). The protein solution was added to 0.9 ml of 20 nm gold
nanoparticles (1.16 nM) to achieve a ratio of ~1,000 protein molecules per gold nanoparticle.
The mixture was incubated on a shaker for 30 minutes. The solution was then centrifuged at
10,000 rpm for 35 minutes to separate the unbound proteins from the complexes. The
supernatant containing unbound proteins was removed carefully and the pellet was re-
suspended in phosphate buffer (10 mM, pH = 7.4) to achieve BSA/gold nanoparticle
complexes. Similar procedure was applied to conjugate BSA-peptide to gold nanoparticles

with exception of using pH 9.0 carbonate buffer.
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Figure 4.2 Illustration of preparation of BSA coated gold nanoparticles.

4.3.5 Flocculation Assays and Critical Flocculation Concentration Tests

Flocculation assays were performed to determine the approximate amount of
biomolecules required to stabilize gold nanoparticles. In a typical assay, gold sol was
adjusted to pH 7.4 with 10 mM phosphate buffer. 0.7 mL of gold sol (1.05 nM) was added to
six vials containing 100 uL. of BSA solutions with concentrations ranging from 1.85 uM to
5.85 uM. After 5 minutes, 80 pL of 10 % NaCl solution (1.7M) was added to the sols to test
for flocculation. The mixtures were rotated for 1 hr, and then their spectra were taken by UV-
visible spectrometer. 20 nm gold sol has a plasmon band at around 526 nm on the spectrum,
and attenuation of the 526 nm absorbance signals flocculation. The number of proteins per

gold nanoparticle required to stabilize a sol in the presence of electrolyte can be determined
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by monitoring solution absorbance at 526 nm vs. protein concentration. Similar methods
were used in flocculation assays involving BSA-peptide, with the exception that the assays
were performed in pH 9 carbonate buffer and the gold sol was added to six vials containing
100 pL of BSA-peptide conjugates with concentrations ranging from 0.22 uM to 1.83 uM.
Critical flocculation concentration (CFC) in our study is defined as NaCl concentration in
a colloidal solution at which the sol just flocculates. CFC test is another way to investigate
the stability of the colloidal solutions under increasing ionic strength conditions. CFC tests
were done by sequential addition of electrolytes (1.7 M NaCl as described above) to BSA or
BSA-peptide stabilized gold nanoparticle solutions. CFC was determined as the
concentration of electrolyte at which the gold particle plasmon absorption obviously red-

shifted from its characteristic maximum of 526 nm.

4.3.6 Quantifying Fluorescently-labeled BSA or BSA-Peptide Conjugates on Gold
Nanoparticles by Fluorescence Difference Method

BSA coverage on 20 nm diameter gold particles was determined with fluorescence
spectroscopy. In a typical experimental procedure, BSA was labeled with rhodamine B
isothiocyanate (RB-BSA) and purified (described in section 4.3.1). The concentration of RB-
BSA following purification was determined by a protein assay (Bio-Rad DC protein assay).
RB-BSA solutions were prepared at concentrations (9 solutions of 30 uL each) ranging from
0.39 uM to 11.7 uM. Gold nanoparticles (450 puL of 1.05 uM solution) in aqueous phosphate
solution buffered at pH 7.0 were added to each RB-BSA solution. After stirring for 15 min,
20 pL of 2 mg/mL native-BSA (e.g., unlabeled BSA) was added to each solution [4, 5].

Native-BSA was required in order to block open gold particle surface sites and prevent
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flocculation. That is, the RB-BSA concentrations corresponding to submonolayer coverage
resulted in particles that were unstable toward flocculation. Experiments in which the
exchange of RB-BSA for native-BSA was monitored in time revealed this to be a slow
process (hours). Thus, within the time scale of the RB-BSA adsorption isotherm experiments,
bound RB-BSA was not replaced by the native-BSA stabilizer. Following addition of RB-
BSA to gold nanoparticle sols, we sought to measure the unbound fraction of RB-BSA. To
remove the unbound fraction, the nanoparticle sols were centrifuged by microcon at 2.6 x 10°
rpm for 15 min. The sediments were washed three times with 50 pL. of 50 mM pH 7.0
phosphate buffer. Collect the supernatant at the bottom of the microcon. To transfer the final
sediments to new vials, the microcon filters were flipped over and centrifuged at 3.3 x 10°
rpm for 8 min. The sediments were resuspended in 450 pL of pH 7.0 10 mM phosphate
buffer and the number of gold nanoparticles in the sol was determined by UV-visible
spectroscopy. The supernatants were diluted to 2 mL, and fluorescence of each supernatant
was measured and compared to a standard curve to determine the concentration of unbound
RB-BSA in the initial mixture. The amount of RB-BSA bound to the gold particles was
calculated by subtracting free RB-BSA from the total amount of RB-BSA added initially.
Any loss from non-specific adsorption of RB-BSA to the centricon was not taken into

account.

4.3.7 Quantifying Mixed BSA Adlayers
To determine the mole fraction of BSA-P1 (adenoviral NLS peptide) and BSA-P2
(adenoviral RME peptide) conjugates bound to nanoparticles vs. their mole fraction in a

solution mixture, BSA-P2 conjugates were labeled with rhodamine B, while BSA-P1 was
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kept unlabeled. Solution mixtures of BSA-P1 and RB-BSA-P2 conjugates were prepared
with Xgppsap2 of 1, 0.8, 0.6, 0.4, and 0.2, keeping the total amount of BSA constant. The
amount of bound RB-BSA-P2 per nanoparticle was determined using the procedures
described above for single-component solutions. The amount of BSA-P2 per nanoparticle
was computed by subtracting the number of RB-BSA-P2 per nanoparticle for Xgp-psa-p2 # 1

from XRB-BSA-PZZ 1.

4.3.8 BSA Exchange in Glutathione Solution

Three identical solutions of RB-BSA/gold complexes were prepared (1.05 nM) and each
solution was divided into five aliquots. Glutathione (10 pL of 65.0 mM) was added to each
aliquot (250 pL) of the first solution, native-BSA (10 pL of 74.6 uM) was added to each
aliquot of the second solution, and phosphate buffer (10 uL of 50 mM) was added to each
aliquot of the third solution as a control. Those aliquots were incubated for different time
periods: 20 min, 40 min, 100 min, 160 min and 240 min. All aliquots were centrifuged and
resuspended to separate bound and unbound BSA. The emission spectra of each supernatant
(with unbound BSA) were compared over time (20-240 min) to determine the rate of

exchange of particle-bound RB-BSA in the presence of glutathione and native-BSA.

4.4 Preparation and Characterization of Streptavidin (SA) Coated Gold

Nanoparticle Complexes

4.4.1 Hybridizing PNA to the Biotinylated Leash DNA
PNA was annealed to biotinylated leash DNA (BLD) according to references [6, 7]. In a

typical experiment, the stock solutions of PNA and BLD were prepared at concentration of
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100 uM separately. In order to achieve 100% hybridization of PNA to BLD, higher BLD
concentration was required, so 200 pl of PNA stock solution and 240 pl of BLD stock
solution were mixed together. 44.4 ul of 20X saline-sodium citrate (SSC, pH 7.0) solution
was then added into the work solution to obtain a final concentration of 2X SSC in 444.4 pul.
The vial was incubated in a water bath at 70°C for 1hr and cooled down naturally in the water
bath for overnight. After hybridization, the solution was washed by distilled water to remove
the salt in microcon 3K. The final solution was concentrated to 200 pl to achieve the
concentration of 100 uM of the hybrid duplex. The hybrid was maintained at 4°C until use.
The hybridization result was verified by native PAGE gel electrophoresis. In a typical
experiment, samples (5 ~ 10 pl portions), including PNA, BLD, hybrid and DNA marker,
were diluted 1:2 in the native sample buffer, and loaded on 18% Tris-HCI prepacked PAGE
gel. Run the gel in tris-glycine 1X buffer at 150 V for about 1hour. The gel was first stained
with ethidium bromide for 3 minutes and washed for 20 minutes to observe the DNA bands,

then stained with Coomassie G250 for 1 hour and destained for overnight to observe the

PNA bands.

4.4.2 Conjugation of Streptavidin (SA) With Biotinylated Molecules

SA was dissolved in distilled water to achieve a 16.7 uM stock solution. In a typical
experiment, biotinylated peptide (BP) or biotinylated DNA (BD) was dissolved in 10 mM
phosphate buffer (pH 7.4) to achieve 67 uM concentrations. 100 puL of the solution was then
added to 100 uL SA solution (16.7 uM). In the case of binding PNA-BLD hybrid (100 uM)
to SA (16.7 uM), 67 uL of hybrid and 100 pL. SA were mixed and 33 pL of 10 mM

phosphate buffer (pH 7.4) was added to adjust the pH of the solution. Usually the mixture
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was vortexed for 1 hour. The resulting conjugates were purified by dialysis membrane
(MWCO: 10,000) to against distilled water for 24 hours.

Native PAGE gel electrophoresis was applied to examine the efficiency of conjugation
for SA-BD. Samples included SA, BD and SA-BD conjugate. The procedure was similar to
the one described in section 4.3.1 with exception that 10% Tris-HCI prepacked PAGE gel

was used.

4.4.3 Preparation of SA Bound Gold Nanoparticles

The preparation procedure is similar to that for BSA/gold nanoparticle complexes.
Briefly, to achieve 250:1 of protein to gold nanoparticle ratio, 0.13 nmol SA was first mixed
with 50 pl of 10 mM phosphate buffer (pH 7.4). The protein solution was then added to 0.45
mL of gold solution (1.16 nM). The mixture was incubated on a shaker for 30 minutes and
centrifuged at 9,000 rpm for 18 minutes to separate the unbound proteins from the
conjugates. The supernatant containing unbound proteins was carefully removed and the
pellet was re-suspended in 0.45 mL phosphate buffer (10 mM, pH 7.4). Other SA-gold
complexes with different ratios or modified SA-gold complexes were all prepared in the

same fashion.

4.4.4 Conjugation Biotinylated Molecules to Gold Nanoparticles

Two routes have been developed to obtain BP or BD or PNA-BLD hybrid modified gold
nanoparticles (Figure 3.5). In Route A, SA/gold nanoparticle complexes (with 250:1 starting
ratio) were first prepared as described in section 4.3.3. To achieve a 400:1 of molecule :

particle ratio, 0.2 nmol of the biotinylated molecules were added to 0.45 mL of the re-
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suspended SA/gold solution (1.16 nM). The mixtures were allowed to incubate on a shaker
for 1 hour, followed by centrifugation at 9,000 rpm for 18 minutes to remove the
supernatants and re-suspending the pellets in 0.45 mL of 10 mM phosphate buffer. Route B
was first to conjugate SA with biotinylated molecules separately as described in section
4.4.2. The purified conjugates were then bound to gold particles through the same method of

coating SA to gold described above.

4.4.5 Verification of SA Adsorption on Gold Nanoparticles by Attenuated Total
Reflection Fourier Transform Infrared (ATR-FT-IR) Spectroscopy

Four samples were prepared for this study: sodium citrate solution (0.1 M), streptavidin
solution (16.7 uM), citrate-capped gold nanoparticles (original solution bought from Ted
Pella), and SA-coated gold nanoparticles (prepared as described in section 4.4.3). For the
latter two samples, the gold solutions (450 ul) were centrifuged to remove extra citrate or
streptavidin in sols, and the concentrated pellets ([gold nanoparticles] = 50 nM) were applied
to achieve stronger signal in the measurement.

In the ATR-FT-IR apparatus, a Bio-Rad (now Digilab) Excalibur spectrometer, equipped
with a liquid nitrogen cooled MCT detector, was attached to a Pike objective containing a
germanium crystal for single-pass ATR. The Ge crystal was rinsed with organic solvent and
allowed to dry prior to loading a sample. The sample (10~20 ul) was directly dropped onto
the Ge crystal and dehydrated to form a thin film on the surface. The spectra were recorded at
ambient temperature with a resolution of 4 cm™ and averaged over 128 scans. Once the
protein spectra were acquired via single-pass ATR-FTIR, they were water-vapor subtracted

and baseline-corrected. The spectral range of 600~4200 cm was used for protein analysis.
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4.4.6 Flocculation Assays and Critical Flocculation Concentration Tests

Flocculation assay was performed to determine the approximate amount of streptavidin
required to stabilize gold nanoparticles. The procedure is similar to that described in section
4.3.5. Typically, 0.45 ml of gold sol (1.16 nM) was added to six vials containing 50 ul of
streptavidin with concentrations ranging from 0.21 uM to 5.23 uM in 10 mM phosphate
buffer (pH 7.4). After 5 minutes, 50 ul of 10% NaCl solution was added to the sols. Visible
spectra of those sols were taken after incubating for 1 hour, and flocculation point was
obtained from flocculation plot.

The critical flocculation concentration (CFC) tests, as described in section 4.3.5, were
done by sequential addition of 10% NaCl to 0.45 mL of aqueous suspensions of SA, SA-BP
and SA-BD modified gold nanoparticle complexes (1.16 nM) until the sols were just

flocculated. The shift of surface plasmon band on the spectra reflected the flocculation.

4.4.7 Quantification of Tetramethylrhodamine Isothiocyanate Labeled Streptavidin
(RSA) on Gold Nanoparticles by Fluorescence Difference Method

Streptavidin coverage on 20 nm diameter gold particles was studied with a fluorescence
difference method, which is similar to the procedure described in section 4.4.6. TR-SA
solutions were prepared at concentrations (7 solutions of 45 ul each) ranging from 0.29 uM
to 8.76 uM in 10 mM phosphate buffer (pH 7.4). Gold nanoparticles (225 pl of 1.16 nM
solution) were added to each TR-SA solution. After stirring for 30 min, those sols were
centrifuged at 9.0 x 10’ rpm for 18 min. Supernatants containing unbound protein were
carefully removed from the red pellets at the bottom of the vials, followed by washing the

sediments with 100 ul of phosphate buffer for two more times and centrifuging them to
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obtain the supernatants. All the supernatants for each sample were collected and then diluted
to 1.0 ml. The fluorescence intensities were measured and compared to a standard curve to
determine the concentration of unbound TR-SAs in the initial mixtures. The amount of TR-
SA molecules bound to the gold particles was calculated by subtracting free TR-SA from the

total amount of TR-SA added initially.

4.4.8 Quantifying Rhodamine Green Labeled Biotinylated DNA (RBD) on Streptavidin
Coated Gold Nanoparticles by Agarose Gel Electrophoresis and Fluorescence
Difference Method

Ten identical samples of SA/gold particle (250:1 starting ratio) complexes were prepared
as described in section 4.4.3. Each sample was 0.45 mL, with gold particle concentration of
1.16 nM. One of the samples was saved as control. In the other 9 samples, 5.22 pmol ~ 313.2
pmol of RBD were added to achieve RBD to particle ratios varying from 10:1 to 600:1
(section 4.4.4, Route A). After incubating for 1hr, the samples were centrifuged at 9,000 rpm
for 18 minutes and the supernatants were carefully removed from the pellets.

All supernatants were diluted to 1.0 mL and their fluorescence intensities were measured.
The number of RBD molecules bound per gold nanoparticle in each sample was then
determined by fluorescence difference method.

2% agarose gel was prepared by adding 1 g of agarose DNA grade (high melting) to 49
mL of distilled water and heating up to fully dissolve the agarose. The solution was poured
into a horizontal electrophoresis cell with a comb inside. The gel was formed when the
solution naturally cooled down to room temperature. The concentrated pellets (concentration

~ 50 nM) were loaded on this agarose gel and run in 0.5X TBE buffer at 100V for ~ 1 hour.
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Gold colloids in this concentration have a deep red color and can be easily visualized in the

gel.

4.4.9 Quantifying Mixture of SA-BP and SA-BD on gold nanoparticles
Tetramethylrhodamine isothiocyanate labeled streptavidin (RSA) was conjugated to BP
and unlabeled streptavidin (SA) was bound to BD as the same procedure in section 4.4.2. The
two conjugates were mixed with difference ratio so that the molar fractions of RSA-BP
(Xrsa-sp) were 0.1, 0.3, 0.5, 0.7, 0.9, 1.0 while keeping the total amount of SA constant. The
amount of bound RSA-BP per nanoparticle was determined using the fluorescence difference
method using the procedures described above for single-component solutions. The amount of
RSA-BP per nanoparticle was computed by subtracting the number of RSA-BP per

nanoparticle for Xrsa-pp # 1 from Xgsapp = 1.

4.4.10 Stability and Exchange of SA Coated Gold Nanoparticles in EMEM Cell Culture
Medium

One sample of TR-SA/gold nanoparticle complexes was prepared by mixing 25 ul of TR-
SA (2.62 uM) with 225 pl of gold solution (1.16 nM) to achieve 250 protein per gold particle
starting ratio. After stirring for 30 minutes, 1.25 ml of EMEM cell growth medium without
phenol red containing 10% fetal bovine serum (FBS) was added and incubated for 5 hours.
Visible absorbance spectrum of the suspension was acquired to check if the surface plasmon
band shifted.

21 identical samples of TR-SA/gold nanoparticle complexes were prepared as described

above. 1.25 ml of EMEM cell growth medium without phenol red containing 10% FBS was
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added to each sample and the mixtures were incubated for varying length of time from 10
minutes to 5 hours. Each time point had triplicate samples. Those samples were then
centrifuged at 9.0 x 10° rpm for 30 min and the supernatants were collected to determine the
free TR-SA in the sols. The numbers of TR-SA remaining on gold particles after being
exchanged by EMEM medium for different incubation time were calculated by fluorescence

difference method. TR-SA molecules bound per particle vs. exchange time was plotted.

4.5 Intracellular Delivery of Peptide/Gold Nanoparticle Complexes

4.5.1 Cell Culture, Vector Delivery and Observation

To investigate the cellular localization of our designed biomolecule/nanoparticle
constructs, delivery experiments were done for different cell lines. HeLa, HepG2 and
3T3/NIH cell lines were maintained in Minimum Essential Medium Eagle (EMEM) or
Dulbecco’s Modified Eagles Medium (DMEM) growth media BioWhittaker, without
addition of antibiotics at 37°C in 5% CO, atmosphere. For investigating the cellular
localization of peptides, cells were plated on glass coverslips and grown to ~75% confluence
in 12-well plates and then incubated with different nanoparticle complexes (~ 200 pM in 1.5
mL of cell culture medium) for various times. It has been shown that the presence of serum
in the culture medium inhibits cellular binding/uptake of cationic lipids and reduces their
efficiency as nucleic acid carriers; therefore, most cellular delivery agents available today
require serum-free media during delivery. However, the presence of the serum albumin
protein contributed greatly to the stability of nanoparticle delivery vectors in media. All
studies shown herein were conducted using media which contain 10% FBS. At indicated time

points the media were discarded and coverslips were rinsed extensively with Dulbecco’s
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phosphate buffered saline (DPBS). The cells were fixed in fixation solution (2.5%
glutaraldehyde, 2% paraformaldehyde in 100 mM sodium cacodylate buffer) for 1 hour at
room temperature, and then rehydrated in DPBS. Following fixation, the coverslips with cells
were mounted onto glass slides with FluorSave mounting media and allowed to dry overnight
prior to microscopy analysis.

The trajectories of those gold nanoparticle complexes were studied by video-enhanced
color differential interference contrast (VEC-DIC) microscopy, performing on an upright
Leica DMLB microscope equipped with a 0.9 numerical aperture (NA) condenser, DIC
optics, and 100x plan (NA 1.3) oil objective. The video system comprises a Nikon DMX-
1200 color CCD digital camera, with software based manual control of color balance and

contrast enhancement on live and captured images.

4.5.2 Cytotoxicity Study: LDH Release Assays for BSA Linked Peptide/Gold
Complexes

After intracellular delivery of BSA-peptide/gold nanoparticle vectors, lactate
dehydrogenase (LDH) release assays were applied to study their cytotoxicities. The
procedure of LDH release assay followed the manufacturer’s protocol (CytoTox 96 Non-
Radioactive Cytotoxicity Assay, technical bulletin, Promega). After incubating the samples
for 6 hours, all the medium samples were harvested to assess amount of LDH released due to
cell death. For the target cell maximum LDH release control, 150 ul of lysis solution (10X)
was added to 1.5 mL of cell culture medium 45 minutes prior to medium collection. Note that
a volume correction control was performed by add 150 ul of lysis solution (10X) to a well

containing 1.5 mL of culture medium without cells. All the collected media were centrifuged
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at 5,000 rpm for 5 minutes, and 50 pl supernatants were transferred to enzymatic assay plate.
50 ul of the reconstituted substrate mix was added to each well of plate. The plate was
covered with aluminum foil for light protection. The plate was incubated at room temperature
for 30 minutes, followed by addition of 50 ul of stop solution to each well. The absorbance at
490 nm of each sample was recorded immediately. Background values were subtracted from
the sample readings. The percentage of cell death was then determined by using the formula:

Experimental LDH release (Abs )

%Cytotoxicity =
ok Y Maximum LDH release (Abs,, )

The percentage of viable cells was calculated by:

%Viability = 1- %Cytotoxicity

4.6 Translocation of Antisense Oligonucleotide in Enhanced Green

Fluorescence Protein (EGFP) Modified HeLa Cells

Experiments in this section were performed at Kole’s lab at Lineberger Cancer Center of

UNC-Chapel Hill. The procedures described here were followed their papers [8-10].

4.6.1 Antisense Oligonucleotide Delivery

HeLa cells expressing the IVS2-654 EGFP construct were maintained at below 80%
confluence in S-MEM (Gibco-BRL) supplemented with 5% fetal calf serum, 5% horse
serum, and antibiotics. Cells were plated in 96-well plates at 1 x 10* cells per well in 100 pl
of medium. All the samples used in this experiment and PNA concentration of those samples
in cell culture medium were listed in Table 4.3. Note that PNA-BLD hybrid was applied as

antisense sequence instead of BD. In free uptake experiments, cell culture medium was
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removed and replaced with 100 pl of fresh medium containing samples. For Lipofectamine
2000 (Invitrogen, Carlsbad CA) delivery, each sample and 3.5 pl of Lipofectamine 2000
were diluted separately in 25 pl of serum free Opti-MEM. After 5 minutes, solutions were
combined together with additional 50 ul of S-MEM, and the 100 pl of mixtures were then
placed to cell wells. In all experiments, the antisense activity was assayed 24 hours after the

treatment.

Table 4.3 Samples and their PNA concentrations in cell culture media for antisense delivery
either with lipofectamine or free uptake in EGFP modified HeL a cells.

Samples Lipofectamine delivery Free uptake
PNA 0.1,0.5, 1 uM 1,3 uM
PNA4K 0.1,0.5,1 uM 1,3 uM
(PNA with 4 lysines at C-terminus)
PNA-BLD hybrid 0.1,0.5, 1 uM 1,3 uM

SA-hybrid

0.1, 0.5, 1 uM (estimated)

1, 3 uM (estimated)

SA-BP/gold

SA-hybrid/gold

0. uM (estimated)

0.2 uM (estimated)

SA-BP  ~__

gold
SA-hybrid —

(SA mix/gold)

0.1 uM (estimated)

0.1 uM (estimated)

4.6.2 Fluorescence Microscopy

Cell culture medium was replaced with HBSS and bright field and UV images were taken

using an inverted Olympus microscope (10X objective). Images were digitized using the

Olympus digital imaging system and stored on a Power PC running Scion Image 1.62a
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software. Fluorescence intensity of each image indicated the amount of enhanced green
fluorescence protein (EGFP) produced by correctly splicing pre-mRNA, which proved the

efficiency of antisense RNA.

4.6.3 RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Samples-treated cells were lyzed in 0.8 ml of TRI-reagent (Molecular Research Center,
Inc., Cincinnati, OH) and total RNA was isolated. A 100 ng sample of RNA was used in RT—
PCR followed the manufacturer’s protocols. The reverse transcription reaction was carried
out at 70°C for 15 min followed by PCR: 1 cycle, 95°C, 3 min; 18 cycles, 95°C, 1 min; 65°C,
1 min. The PCR products were analyzed by electrophoresis on an 8% non-denaturing
polyacrylamide gel. Gels were dried and autoradiographed with Kodak Biomax film at -80°C.
Images were digitized by scanning with a Hewlett Packard scanner using Adobe Photoshop
software. Aberrant and EGFP products had different bands located on the gel, and the
intensities of EGFP bands suggested the amount of EGFP produced after antisense PNA

treatment.

98



N —

10.

REFERENCES

Hermanson, G.T., Bioconjugate Techniques. 1996, San Diego: academic press.
Lanford, R.E., Kanda, P., and Kennedy, R.C., Induction of Nuclear Transport with a
Synthetic Peptide Homologous to the Sv40 T-Antigen Transport Signal. Cell, 1986.
46(4): p. 575-582.

Niemeyer, C.M., Nanoparticles, proteins, and nucleic acids: Biotechnology meets
materials science. Angew. Chem.-Int. Edit., 2001. 40(22): p. 4128-4158.

Deroe, C., Courtoy, P.J., and Baudhuin, P., 4 Model of Protein Colloidal Gold
Interactions. J. Histochem. Cytochem., 1987. 35(11): p. 1191-1198.

Horisberger, M. and Clerc, M.F., Labeling of Colloidal Gold with Protein A - A
Quantitative Study. Histochemistry, 1985. 82(3): p. 219-223.

Gebski, B.L., Mann, C.J., Fletcher, S., and Wilton, S.D., Morpholino antisense
oligonucleotide induced dystrophin exon 23 skipping in mdx mouse muscle. Hum.
Mol. Genet., 2003. 12(15): p. 1801-1811.

Braasch, D.A. and Corey, D.R., Synthesis, analysis, purification, and intracellular
delivery of peptide nucleic acids. Methods, 2001. 23(2): p. 97-107.

Sazani, P., Kang, S.H., Maier, M.A., Wei, C., Dillman, J., Summerton, J.,
Manoharan, M., and Kole, R., Nuclear Antisense Effects of Neutral, Anionic and
Cationic Oligonucleotide Analogs. Nucleic Acids Res., 2001. 29(19): p. 3965-3974.
Sazani, P., Gemignani, F., Kang, S.H., Maier, M.A., Manoharan, M., Persmark, M.,
Bortner, D., and Kole, R., Systemically delivered antisense oligomers upregulate gene
expression in mouse tissues. Nat. Biotechnol., 2002. 20(12): p. 1228-1233.

Sazani, P., Astriab-Fischer, A., and Kole, R., Effects of base modifications on
antisense properties of 2 '-O-methoxyethyl and PNA oligonucleotides. Antisense
Nucleic Acid Drug Dev., 2003. 13(3): p. 119-128.

99



P1,0.5 hr P1,1.5 hr P1,3 hr
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Figure 5.8 Incubation of 3T3/NIH cells with 20 nm diameter gold nanoparticles observed
by VECDIC.
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5.2.2.3 Delivery to HepG?2 Cells

Entry into the cytoplasm of HepG2 cells was strongly dependent on the peptide
sequence attached to nanoparticles. Similar to delivery in HeLa cells, BSA-P4/gold
nanoparticle complexes were able to enter the cytoplasm of HepG2 cells but were not
found near the nuclear membrane or inside the nucleus, which suggests that these
nanoparticles were unable to escape from endosomes (Figure 5.9). While P1
nanoparticles were observed in the nucleus of HeLa cells and the cytoplasm of 3T3/NIH
cells, no cellular uptake was observed when they were introduced to HepG2 cells. P2
entered the cells, but remained trapped in endosomes and did not reach the nucleus. P3
targeted the nucleus, so as the mixture of P1 and P2. However, the most interesting
observation is that nanoparticles carrying adenovirus RME and adenovirus NLS (P1+P2)
as separate pieces had a greater propensity for nuclear targeting than any other single
peptide explored. From information above, it can be concluded that the nanoparticle
complex must present both RME and NLS peptides in order to enter intact HepG2 cells
and achieve nuclear localization. The origin of the higher nuclear targeting efficiency in
nanoparticles carrying two short peptides vs. one long sequence could be structural or
spatial. Thus, when two short peptides are attached to a single nanoparticle, it is likely

that the individual targeting signals are more accessible to cellular receptors.
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P4, 0.5 hr P4, 1 hr P4, 2 hr

Figure 5.9 Incubation of HepG2 cells with 20 nm diameter gold nanoparticles observed
by VECDIC.

5.2.2.4 Cytotoxicity Study

Cytotoxicities of cells after vector treatment were studied by using LDH release assay.
Viabilities of both HeLa and HepG2 cells after 6 hours in the presence of BSA-
peptide/nanoparticle complexes were only slightly compromised (<10 %) compared to
the control batches (Figure 5.10). The results show that the peptide/gold vectors are of

low toxicity to the cells.

100% 1

Viability%
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Figure 5.10 Viability of HeLa (A) and HepG2 (B) cells after incubation with studied
biomolecule/gold complexes for 6 hours.

Table 5.3 Distribution of BSA/gold and BSA-peptide/gold complexes in HeLa, 3T3/NIH
and HepG2 cell lines after delivery.

Conjugates HeLa 3T3/NIH HepG2
BSA (control) no uptake no uptake no uptake
BSA-P1 nucleus cytoplasm no uptake
BSA-P2 nucleus no uptake cytoplasm
BSA-P3 nucleus cytoplasm nucleus
BSA-P1 + BSA-P2 nucleus cytoplasm nucleus
BSA-P4 cytoplasm cytoplasm cytoplasm

5.2.3 Summary

Cellular trajectories of the peptides studied here are summarized in Table 5.3.
Notably, the data reveal a strong dependence of cellular targeting on the cell line and
peptide studied. Accessing the nucleus from outside an intact cell is difficult because of
three barriers: outer cell membrane, endosomal membrane and nuclear membrane.

Previous work showed that SV40 NLS (P1) was able to cross the nuclear membrane if it
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is directly injected into the cytoplasm [17-21]. Our study found that it was capable of
entering HeLa cells via receptor-mediated endocytosis, but could not translocate into
nucleus because it did not break the endosomal compartments or had been altered as it
traveled through the endosomal pathway. Successful delivery into nuclei of HeLa and
HepG2 cells were achieved by adenoviral peptides. Our observations suggest that the
most efficient nuclear targeting may result from a combination of different targeting
peptides attached to a single nanoparticle vector. This result is of special importance for
our further research in applying most capable peptide modified nanoparticle vectors for
delivering therapeutic oligonucleotides. In addition, LDH release assay indicates that the
peptide/gold nanoparticle vectors have low cytotoxicities.

The ultimate goal of our research is to apply peptide/gold nanoparticle vectors to
improve the nuclear targeting of therapeutic oligonucleotides. It was expected that this
BSA linked peptide/gold nanoparticle complexes could be employed for further antisense
oligonucleotide delivery to modulate aberrant pre-mRNA splicing. Kole’s lab designed
oligonucleotides with specific sequence (5’-GCT ATT ACC TTA ACC CAG-3’) to
modulate splicing of aberrant pre-mRNA with a mutation at nucleotide 654 of the human
B—globin intron-2 (IVS2-654). We adopted both DNA and PNA (peptide nucleic acid)
with the same sequence for our study. To obtain oligonucleotide/gold nanoparticle
complexes, a coupling reaction between oligonucleotide and BSA was attempted.
However, characterization of the conjugate by SDS-PAGE gel electrophoresis and liquid
chromatography-mass spectroscopy showed the reaction failed. Therefore, another
protein linker, streptavidin, was investigated for its ability of conjugating peptide and

oligonucleotide for therapeutic application.
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5.3 Streptavidin-Biotinylated Molecule Bound Gold Nanoparticles

Two routes have been used to prepare biomolecule/gold nanoparticle complexes
through streptavidin (SA). Route A was to coat gold nanoparticles with streptavidin first,
and the then attach the biotinylated peptides or oligonucleotides to the modified particles.
Route B was to conjugate biotinylated peptides or oligonucleotides to streptavidin, and
then electrostatically bind the conjugates to gold nanoparticles (Figure 3.5). Experimental
results regarding preparation and characterization biomolecule/gold complexes via the

different routes will be discussed in two separate sections below.

5.3.1 Preparation SA Modified Gold Nanoparticles by Route A
5.3.1.1 Verification of SA Adsorption on Gold Nanoparticles by Attenuated Total
Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

After preparing SA-coated gold nanoparticles, single-pass ATR-FTIR spectroscopy
was applied to verify the existence of SA on gold surface. Absorbance spectra of sodium
citrate, citrate-capped gold nanoparticles, streptavidin and streptavidin-coated gold
nanoparticles have been acquired. In the citrate reduction of colloidal gold, citrate serves
as both reducing and capping agents. Citrate ion remains strongly attached to the
resulting gold nanoparticles and provides negative charge on their surfaces, which
increase the stability of the system by electrostatic repulsion [22, 23]. In the spectra of
sodium citrate and citrate-capped gold (Figure 5.11 I and II), the modes at 1394 and 1580
cm™ correspond to symmetric and asymmetric stretching of the carboxylate group in
citrate. We notice the two modes of spectrum II shift several wavenumbers compared to

spectrum I, and spectrum II has one mode at 1738 cm™ while spectrum I does not
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have.which. Those changes might be due to the vibrational changes of carboxylate and

carbonyl group of citrate after citrate binding to gold nanoparticles.
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Figure 5.11 Solution single-pass attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra of sodium citrate, citrate-capped gold nanoparticles, streptavidin and
streptavidin-coated gold nanoparticles

Streptavidin was electrostatically bound to negatively charged citrate-capped gold
nanoparticles. SA/gold solution was centrifuged and extra SA molecules were removed.
It is known that there are nine characteristic absorption bands for proteins [7]. Among
them, amide I at 1600 ~1700 cm™ is predominately due to C=O stretching, while amide I
at 1500 ~1575 cm™ is due to C-N stretching and N-H bending. As shown on Figure 5.11,
both of spectra of SA and SA/gold (III and IV) have these two modes at 1637 and 1540
cm™', which prove the existence of SA on the surface of gold particles. Spectrum IV also

has a mode at 1738 cm™ which spectrum II has but spectrum I and IIT do not have. It is
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assumed that vibration of carbonyl group on SA changed when SA was bound onto gold

nanoparticles.

5.3.1.2 Flocculation Assay

Flocculation assay was performed to evaluate the rough number of SAs per gold
nanoparticle required to stabilize a sol to against certain ionic strength. The flocculation
curve was obtained by monitoring solution absorbance at 527 nm vs. the numbers of SA
added per gold particle. Figure 5.12 shows about 100 streptavidin were required to add to

each nanoparticle to form a stable sol in 0.155 M sodium chloride.
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Figure 5.12 Flocculation assay for SA bound gold sol: absorbance at 527 nm vs. the
added number of SA molecules per Au nanoparticle. 50 pL of 1.7 M NaCl was added to
0.5 mL of 1.05 nM, 20-nm Au particles containing varying concentrations of SA. Spectra
were taken 1 hr after addition of NaCl.

5.3.1.3 Adsorption Isotherm of TR-SA on Gold Nanoparticles

Adsorption isotherm of the number of proteins adsorbed on each gold particle (20 nm

in diameter) vs. protein concentration was generated in order to estimate the saturation
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coverage for tetramethylrhodamine isothiocyanate labeled streptavidin (TR-SA). A
fluorescence difference method in which the TR-SA concentration remaining in solution
was measured and subtracted from the starting concentration was necessary to quantify
the number of TR-SA proteins per gold nanoparticle because TR-SA emission is
quenched on gold surface. As shown in Figure 5.13, the more TR-SA added to the gold
solution, the more TR-SA bounded to each gold particle. The isotherm achieved a plateau
when there were about 170 proteins, which are assumed to saturate the surface of a
20nm-gold-nanoparticle. The number of SAs attached to gold surface then increased
again when more proteins added to the solution. Multiple layers of proteins were
supposed to form on the particle surface. It is also concluded from this plot that with 250
SA added to the initial solution 100 of them were actually bound to each gold
nanoparticle. SA:gold with 250:1 starting ratio was applied in most of other experiments

to prepare SA/gold nanoparticle complexes.
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Figure 5.13 Adsorption isotherm of rhodamine labeled streptavidin on gold nanoparticle
(20 nm in diameter).
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5.3.1.4 Adsorption of Rhodamine Green Labeled Biotinylated DNA (RBD) on SA
Coated Gold Nanoparticles

Agarose gel electrophoresis and fluorescence difference method were applied to study
rthodamine green labeled biotinylated DNA (RBD) adsorption on SA coated gold
nanoparticles. Samples with increasing numbers of RBD binding to SA/gold (100:1) were
prepared. Those samples were centrifuged to separate free RBD in solutions from the
gold conjugates. The pellets (SA-RBD/gold complexes with gold concentration about 50
nM) were loaded on a 2% agarose gel for an electrophoresis experiment. Gold colloids in
this size and concentration range had a red color and can be easily visualized in the gel.
On Figure 5.14, the numbers below the bands showed how many RBD were added to
each SA coated gold particle not how many RBD actually bound to each particle. With
increasing amount of RBD adding to the sols, the bands kept migrating to the positive
electrode, which suggests that the negative charges on the complexes were increasing

because more RBD bound to the particles.
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Figure 5.14 2% agarose gel loaded with concentrated SA-RBD/gold complexes ([gold
nanoparticles] = 50 nM) with different ratios after 2hr at 100 V in 0.5 X TBE buffer. The
number under each band is the initial amount of RBD added per gold nanoparticle.
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Generally the band shift of the modified gold nanoparticles on an agarose gel depends
on both charge density and size of the particle, but the primary effect is different
according to the properties of samples. For example, the electrophoretic mobility of
RBD-derived, SA-coated gold nanoparticles is different than that of DNA covalently
bound gold nanoparticles [24, 25]. In most of Alivisatos’s works, the mobility of gold
was retarded by the addition of oligonucleotides. When gold particles were capped with
negatively charged triphenyl phosphine sulfonate, their charge density became similar to
that of DNA. As a consequence, when oligonucleotides were attached to the gold, the
primary effect is to change the size of the complex, but not its charge density, so that the
electrophoretic mobility was retarded because of an increase in particle diameter.
However, his group also reported the oligonucleotide coupling increased mobility of
PEG-coated semiconductor nanocrystals [26]. They explained that PEG modification
gave virtually neutral charge to the semiconductor nanocrystals, and oligonucleotide
attachment significantly increased negative charge which attributed to the mobility of the
particle more than the size increase. In my experiment SA-coated gold nanoparticles had
the same mobility-trend as the PEG-coated semiconductor nanocrystals. SA has almost
no net charge at neutral pH [27]. In this case, electrophoretic mobility primarily depends
on the charge density change. Therefore, the more oligonucleotides attached on the
particle, the more negative charges the particle had, and the further the band migrated to
positive electrode.

The quantitative adsorption of RBD on SA/gold was studied by the fluorescence
difference method. After centrifuging the original samples, the pellets were used in

electrophoresis and the supernatants were collected for fluorescence intensity
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measurements. The measurements provided the numbers of unbound RBD in the sols,
and the numbers of RBD bound onto each SA coated gold nanoparticle can be then
calculated. Figure 5.15 plots the number of RBD bound per gold nanoparticle vs. the
number of RBD added to each particle. The plot is consistent with Langmuire type of
adsorption. There were 62 + 3 oligonucleotides bound on each particle when 600
oligonucleotides were added per gold nanoparticle. Since there were roughly 100 SA on
each gold particle, it means only about 62% of proteins bound to 1 BD. The low binding
efficiency might result from the lost of available binding sites when SA were packed on

the surface of the gold particles.
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Figure 5.15 Adsorption isotherm of RBD on SA coated gold nanoparticles (20 nm in
diameter).

5.3.1.5 Stability and Exchange of SA Coated Gold Nanoparticles in EMEM Cell

Culture Medium
It is essential to know whether the biomolecule/gold complexes are stable in the

biological media and whether components in the media replace biomolecules on the gold
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nanoparticle surface. Stability of SA-coated gold nanoparticles in EMEM cell growth
medium was tested by. Figure 5.16 shows that the surface plasmon band of gold stayed at
527 nm, which means SA/gold complex did not flocculate in the medium after 5-hour

incubation.
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Figure 5.16 Visible absorbance spectrum of SA-coated gold nanoparticle solution after
incubating with EMEM cell culture medium (5X in volume) for 6 hours.

To investigate exchange, the numbers of rhodamine labeled streptavidin on each gold
particle after being exchanged by the medium for varying lengths of time were calculated
and plotted. The original SA/gold had about 100 SA per particle. From Figure 5.17, we
found in the first ten minutes, there were 16 + 3 SA lost from the gold. It is suggested that
small amount of loosely bound SA were fast replaced by components in the media.
However, the gold complexes did not lose too many proteins in the next several hours.
Even after 5 hr, there were around 80 SA attached to each gold particle, which should be

enough for further cell delivery.
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Figure 5.17 Number of SA bound to gold nanoparticle after incubating in EMEM
medium for varying length of time.
5.3.2 Preparation SA-Conjugate Modified Gold Nanoparticles by Route B
5.3.2.1 Preparation of SA-BD Conjugate

Streptavidin (SA) and biotinylated DNA (BD) were conjugated with different ratio.
Native gel electrophoresis was then applied to investigate the SA-BD conjugates.
Ethidium bromide is a fluorescent compound commonly used as a nucleic acid stain and
coomassie G250 develops intensely colored complexes with proteins. The gel was first
stained by ethidium bromide to show the DNA bands, and then stained by coomassie
G250 to show the protein bands. Therefore Figure 5.18A indicated the position of BD
and Figure 5.18B illustrated the position of SA. In Lane 2-5, the bands of SA-BD
conjugates were visible in the same positions of both Figure 5.18 A and B, which reveals
that SA and BD were actually conjugated together. Comparing to SA band (Lane 1), SA-
BD bands shifted further down to the positive electrode. On a native gel, the band shift of

a molecule is determined by both its size and its charge. A molecule with bigger size is
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retarded on the gel and a molecule with more negative charge shifts further down to the
positive electrode. SA has almost no net charge at neutral pH [27]. In this case,
electrophoretic mobility primarily depends on the charge density change. Therefore,

when BD conjugated to SA, the molecule with negatively charge migrated to positive

electrode.
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Figure 5.18 Native gel electrophoresis to verify the conjugation of streptavidin-
biotinylated oligonucleotide. 10% Tris-HCl PAGE gel was used. The gel was first
stained by ethidium bromide, and the gel picture (A) was taken by Bio-Rad Gel Doc
2000 Gel Documentation System. The gel was then stained by Coomassie G250, and

the gel was scanned by Epson scanner (B). Sample loading in each Lane was shown
at the bottom.

5.3.2.2 Quantifying Mixture of SA-BP and SA-BD on Gold Nanoparticles
A primary benefit of using gold nanoparticles as vectors for therapeutic delivery is

the possibility of attaching both signal-peptides and therapeutics to a single particle. We

132



prepared TR-SA-BP (tetramethylrhodamine isothiocyanate labeled) and SA-BD (native
SA) separately first, then mixed them with different ratio and adding to gold sols. Figure
5.19 shows the mole fraction of TR-SA-BP bound to nanoparticles vs. the mole fraction
of TR-SA-BP added in the solution followed a linear trend, which indicates that the
amount of molecules bound on the particles reflects the amount of molecules originally

added to the solution.
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Figure 5.19 Mole fraction of RSA-BP bound to gold nanoparticles vs. mol fraction added
to solution. Mole fractions are calculated as moles RSA-BP/total moles of (RSA-BP +
SA-BD).
5.3.3 Peptide Nucleic Acid-Biotinylated Leash DNA (PNA-BLD) Hybrid

Natural DNA oligonucleotides can be degraded in the cellular environment because
nucleases hydrolyze phosphodiester bonds. Peptide nucleic acid (PNA), a DNA analog,
has a peptide backbone, so it cannot be easily recognized by nucleases or proteases and

thus is expected to be resistant to enzyme degradation. With the same bases as DNA

oligo, PNA still maintains the ability to form stable duplexes with the target pre-mRNA
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to suppress aberrant protein translation. Our collaborator, Kole’s group has successfully
applied antisense PNA to achieve correct pre-mRNA splicing, which encouraged us to
adopt PNA in our study. To attach PNA to gold nanoparticles, PNA is needed to bind to
SA linker first. However, when SA and biotinylated PNA were mixed, white precipitate
formed and the precipitate was not soluble in pH 6 ~ 9 with varying ionic strengths. This
problem forced us to search for a new approach to obtain SA-PNA conjugate.

Gebski et al. has shown that exon skipping in mdx cells can be induced by
morpholino antisense oligonucleotides at nanomolar concentrations when annealed to a
sense oligonucleotide (called “leash”) and complexd with Lipofectin (a lipid vector) [28].
Leashes here acted as bridge to couple the neutral morpholino oligos with the cationic
Lipofectin. A leash should be sufficiently stable to ensure delivery to the nucleus while
retaining some lability to nucleases to facilitate the release of PNA from the PNA:leash
duplex and thus enable subsequent annealing to the target sequence. So some non-
complementary overhangs are needed in the leash DNA sequence. The “leash” method
was introduced to our study by designing a 15mer biotinylated leash DNA (BLD) with 12
bases complementary to part of the PNA and 3 bases overhang next to the biotin end.
PNA can first be hybridized to BLD and the hybrid can then be conjugated with SA.
BLD here acts as bridge to connect PNA with SA.

PNA was annealed to BLD according to references [28, 29]. Native gel
electrophoresis was then applied to verify the hybridization efficiency. The native gel
was first stained by ethidium bromide to show the DNA bands, and then stained by
coomassie G250 to show the protein bands. BLD was shown on Figure 5.20A because it

was a single-strand DNA and PNA was shown on Figure 5.20B because it had peptide
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backbone which similar to a protein. The band of the PNA-BLD hybrid was visible in
Lane 4 on both Figure 5.20A and B, which revealed that PNA and BLD were actually
conjugated together. In addition, there was no PNA band shown in Lane 4 on Figure
5.20B, which indicated PNA was 100% conjugated to BLD. There was some
unconjugated BLD at the bottom of in Lane 4 on Figure 5.20A because extra BLD was
used in the hybridization reaction. Therefore, further purification of the hybrid was
employed by microcon or dialysis washes. The hybrid was further attached to gold

nanoparticles through Route A or Route B as described Section 4.4.4.
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Figure 5.20 Native gel electrophoresis to verify the hybridization of PNA and
biotinylated leash oligonucleotide (BLO). 18% Tris-HCl PAGE gel was used. The gel
was first stained by ethidium bromide, and the gel picture (A) was taken by Bio-Rad Gel
Doc 2000 Gel Documentation System. The gel was then stained by Coomassie G250, and
the gel was scanned by Epson scanner (B). Sample loading in each Lane was shown at
the bottom.

5.3.4 Critical Flocculation Concentration Tests
It is essential to know the stabilities of biomolecule/gold nanoparticle complexes

under conditions of increased ionic strength. Critical flocculation concentration (CFC)
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tests were employed to examine the concentration of NaCl at which SA, SA-BP, SA-BD
and SA-hybrid modified gold nanoparticle solutions just flocculated. The results are
summarized in Table 5.4. For the same stabilizer, solution with extra stabilizer have
higher CFC value than solution with monolayer of stabilizer (CFCyc > CFC¢), which
agree with the CFC results of BSA conjugates on gold particles. SA is a better stabilizer
to gold particles than BSA because CFC value of SA/gold is higher than that of
BSA/gold at the same protein to gold ratio. The stabilities of SA-BP/gold, SA-BD/gold
and SA-hybrid/gold complexes which prepared by the two different routes were found to
be very different. For example, sample #5 ~ #7 were prepared by coating gold
nanoparticles with SA first, then removing excess protein and adding BP or BD or hybrid
to SA/gold (Route A). Sample #5 was not very stable while sample #6 and #7 was quite
stable. On the other hand, sample #8 ~ #10, were prepared by conjugating SA with BP
and BD first, then attaching them to the gold nanoparticles (Route B). However, #8 was
more stable than #9 and #10. The CFC, value of #8 is slightly higher than that of #5, but
CFC, values of #6 and #7 are much higher than those of #9 and #10. The stability
difference of the same type of gold nanoparticle complexes prepared by the two routes
might result from different conformation of the biomolecules on the particles.

Table 5.4. Critical flocculation concentrations (CFC) for 20 nm-diameter Au colloids
with various stabilizing agents.

Sample Solutions CFCyc (M) CFCc (M)
#0 Citrate gold <0.03 —
#1 gold/BSA (1:1000) >0.3 0.08 £ 0.01
#2 gold/BSA (1:250) 0.07 £0.02 0.03 £ 0.01
#3 gold/SA (1:1000) >0.3 >0.3
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#4 gold/SA (1:250) >0.3 >0.3
#5 20ld/SA « BP (Route A) N/A 0.03 + 0.02
#6 20ld/SA < BD (Route A) N/A >03
#7 2old/SA <« hybrid (Route A) N/A >0.3
#8 gold <~ SA-BP (Route B) >0.3 0.08 +0.02
#9 gold < SA-BD (Route B) >0.3 0.04 +0.01
#10 gold < SA-hybrid (Route B) <0.03 <0.03

5.3.5 Delivery of SA and SA Conjugates Modified Gold Nanoparticles in HeLa Cells

Gold nanoparticle modified with different biomolecules were evaluated for their
subcellular distribution in HeLa human cervical epithelium cells. Video enhanced color
differential interference contrast (VEC-DIC) microscopy technique has been used to
observe the translocation of the complexes. Figure 5.21 shows VEC-DIC images of cells
after incubating with different modified nanoparticles for 3 hour. The cell membranes of
HeLa cells are not very restrictive, so even SA modified gold (Figure 5.21A) had some
delivery into the cytoplasm of cells, but there was no nuclear trajectory. With cell-
penetrating peptide (adenoviral RME) attaching to the nanoparticles, the nuclear
translocation of the vectors was dramatically increased (Figure 5.21B). The VEC-DIC
images also showed some nuclear targeting of the nanoparticles modified with DNA
(Figure 5.21C) and more efficient nuclear delivery of the nanoparticles carrying both
peptide and DNA (Figure 5.21D). It seems that this system is greatly promising for

further antisense PNA oligonucleotide delivery to HeLa cells.
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Figure 5.21 Nanoparticle-biomolecule complexes incubated with HeLa cells for 3hr. (A)
SA, (B) SA-BP, (C) SA-BD and (D) mixture of SA-BP and SA-BD on gold nanoparticles
(20 nm in diameter)
5.3.6 Translocation of Antisense Oligonucleotide in Enhanced Green Fluorescence
Protein (EGFP) Modified HeLa Cells

A mutation at nucleotide 654 of the human [B-globin intron-2 (IVS2-654) leads
aberrant pre-mRNA splicing, despite the presence of the normal unaltered site. Kole ez al.
found that antisense oligonucleotides hybridized to the aberrant splice site forced the
splicing machinery to use the normal splice site and produce correct mRNA [30]. They
inserted the mutant B-globin intron to the nucleotide of EGFP ¢cDNA to prohibit the
correct translation of EGFP. When treating HeLa cells expressing the IVS2-654 EGFP
construct with active antisense oligonucleotide, proper splicing was restored, resulting
translation of EGFP. This method provides a rapid and sensitive positive readout for

antisense activity in the nuclei of the treat cells. They have studied several different
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oligonucleotide analogs, including methoxyethyl-phosphorothioate, morpholino and
peptide nucleic acid (PNA), and PNA showed the best antisense function. However, the
concentration of the oligonucleotide needs to be the micromolar range to achieve obvious
antisense function because only small percentage of oligonucleotide was actually
delivered into the cell nuclei. The low delivery efficiency is due to the lack of powerful
vectors. The ultimate goal of our research is to apply peptide/gold nanoparticle vectors to
improve the nuclear targeting of therapeutic oligonucleotide. To achieve this goal, we
prepared a gold nanoparticle vector consist of signal peptide and PNA-BLD hybrid,
which were linked to the particle via streptavidin. This complex and other control
samples were delivered into enhanced green fluorescence protein (EGFP) modified HeLa
cells, and their antisense function were then investigated by fluorescence microscopy and
gel electrophoresis of products from reverse transcription polymerase chain reaction (RT-

PCR).

5.3.6.1 EGFP Fluorescence Readout

To elucidate the influence of the peptide/gold nanoparticle vectors on the cellular
uptake and antisense function of the PNA oligonucleotide, IVS2-654 EGFP HeLa cell
line was treated with different samples containing PNA sequence targeted to the aberrant
654 splice site and then subjected to the EGFP fluorescence assay. One set of the samples
was complexed with lipofectamine 2000 (a cationic lipid) and then delivered into the
cells. As Figure 5.22 I shows, there was no fluorescence in just lipofectamine-treated
cells, so the control was negative (A). Bright fluorescence were observed in the cells

treated with other PNA-containing-samples, which indicates these samples were
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successfully delivered into cell nuclei and PNA still remained its antisense activity to
hybridize to mutant splice site on pre-mRNA. It seems that samples containing hybrid (D,
E, F, G) had stronger fluorescence than just PNA or PNA4K sequences (B, C), which
proves that annealing ionic leash DNA to PNA enhanced the coupling of neutral PNA
with cationic Lipofectamine and thus improved the translocation efficiency of
oligonucleotide to cell nuclei.

Another set of samples was directly delivered into cells (called free uptake). As
Figure 5.22 II shows, their fluorescence intensities were much weaker compared those
samples delivered by lipofectamine. Control of untreated cells had no fluorescence (A).
PNA and PNAA4k still had obvious green fluorescence and PNA4K’s was stronger than
PNA’s (B, C). This is due to the 4 lysine residues provide PNA4K positive charges to
diffuse across cell membranes. It seems that lipofectamine did not improve the
transfection of PNA4K (Figure 5.22 IB and Figure 5.22 IIB), which maybe because
cationic PNA 4K did not conjugate to the lipid at all. Hybrid, SA-hybrid and SA-
hybrid/gold had very faint fluorescence (D, E, F), which resulted from their overall
negative charges and the lack of delivery vectors. Peptide/gold nanoparticle vectors were
expected to enhance the nuclear targeting of hybrid, however, SA mix/gold (SA-BP and
SA-hybrid combo on gold nanoparticles) did not show any fluorescence (G). We also
notice there were some gold aggregates formed outside of the cells, indicating the
stability of the gold complexes were not high enough to against the high ionic

environment.
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LF2000 PNA,1 pM PNA4K,1 pM

Negative Positive Slightly positive

Hybrid, 1 pM SA-hybrid, 1 pM SA-hybridgold, 0.2 pM SA mix‘gold, 0.1 pM
Positive Positive Positive

Positive

II

Normal cells PNA,3 pM PNAJK, 3 pM
Negative Slightly positive positive

|
Hybrid, 3 pv SA-hybrid, 3 pM SA-hybrid/gold, 0.2 pbt SA mix/gald, 0.1 pM
Very slightly positive Very slightly positive Negative, some aggregates

Negative, zome aggregates

Figure 5.22 Enhanced green fluorescence protein (EGFP) expression of IVS2-654 EGFP
HeLa cells analyzed by fluorescence microscopy. The cells were treated with samples
containing anti-654 peptide nucleic acid (PNA) complexed with lipofectamine 2000 (I)
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and uncomplexed (free uptake) (II) for 24 hours. Each image is labeled with the PNA
concentration of the sample and fluorescence intensity level.
5.3.6.2 RT-PCR

To verify the results of EGFP assay and examine the antisense function of PNA to
correct splicing of the EGFP pre-mRNA, another more accurate method RT-PCR was
adopted to analyze the total cellular RNA. Controls of untreated oligomer or just
lipofectamine 2000 treated cells had no effect of producing correct RNA. In cells treated
with samples containing PNA, a lower band representing correctly spliced EGFP mRNA
appeared in addition to an upper band of aberrant splicing (Figure 5.23). For samples
with increasing concentration of PNA, the intensity of the bands increased. PNA and
PNA4K with or without lipofectamine all had the lower bands (A). Hybrid and SA-
hybrid delivered with lipofectamine had very good efficiency at correcting pre-mRNA,
but the results of free uptake were not very desirable (B, C). In general, the RT-PCR
analysis validated the readouts from fluorescence assay. The results indicate that in a
subpopulation of treated cells, PNA crossed the cell membrane, entered the nucleus and
in a sequence-specific manner shifted splicing from aberrant to correct in the EGFP
system. The SA mix /gold samples are of especial importance to this study because they
tested the delivery efficiency of peptide/gold nanoparticle vectors. As shown on Figure
5.23C, negative control SA-BP/gold either with or without lipofectamine had no lower
bands. Free uptake of SA-hybrid/gold had no lower band because there was no signal
peptide to cross the cell membranes. SA mix/gold had a clear lower band when

complexed to lipofectamine, however, the free uptake sample had a very faint lower
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band, which indicates only very small amount of SA-hybrid was delivered by

peptide/gold vector into cell nuclei to correct aberrant splicing site of pre-mRNA.
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Figure 5.23 Reverse transcription PCR of total RNA from [VS2-654 EGFP HeLa cells
treated for 24 hours with different samples that are indicated at the top of the gel. The
concentration and delivery methods are labeled at the bottom of the gel. The upper and
lower bands represent RT-PCR products of aberrantly and correctly spliced EGFP-654
mRNA, respectively.
5.3.6.3 Summary

The inefficient transfer of therapeutic oligonucleotide by peptide/gold nanoparticle
vectors may result from two problems. First, the insufficient stability of SA mix/gold
complexes in cell culture medium leads some gold particles to form aggregates that are
too big to enter cellular membranes. This was proved by the fact that some aggregates
were observed by microscope. Although the stability of SA/gold in cell culture medium
has been tested, and gold nanoparticles did not aggregate after incubating in cell growth
medium for 6 hours (Section 5.3.1.5, Figure 5.16), neither Route A or Route B could
prepare sufficiently stable gold complexes containing both SA-BP and SA-hybrid.

Because Route A provided stable SA-hybrid/gold but instable SA-BP/gold, while Route

B provided stable SA-BP/gold but instable SA-hybrid/gold (Table 5.4). Second, BP is
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cationic and PNA-BLD hybrid is ionic, and it is possible that they interfere with each
other. If BP and hybrid electrostatically bound together on the surface of gold
nanoparticles, the peptide cannot contribute its signaling function to across the cellular
membranes, and PNA cannot hybridize to the aberrant splice site to correct mutant pre-
mRNA. It seems that application of PNA-BLD hybrid as therapeutics caused some
unexpected problems to the delivery system. Further study need to be done to solve those

problems.

5.4 Conclusions and Suggestions for Future Research

Targeted nuclear delivery of diagnostic probes and therapeutics could improve
disease detection and treatment. Accessing the nucleus from outside an intact cell is
difficult because of the barriers inside a cell. The goal of our research is to prepare and
characterize peptide modified gold nanoparticles as nuclear targeting vectors and study
their ability to transport therapeutic oligonucleotide into cells to correct aberrant pre-
mRNA. We have applied two proteins, bovine serum albumin (BSA) and streptavidin
(SA), as linkers for complexing peptides with nanoparticles.

The studies of BSA demonstrate that BSA can be an effective linker for peptide
conjugation to gold nanoparticles. Exchange of surface-bound BSA with molecules found
in biofluids is sufficiently slow that a nanoparticle-BSA complex can be used as a
research tool in cellular imaging studies. In addition, we have demonstrated that two
peptides with different cell-targeting properties partitioned onto nanoparticles with an
average mole fraction that was not dramatically different from their mole fraction in

solution. The observation of such partitioning is important to the development of multi-
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functional nanoparticles for studies in cell biology and medicine. Several peptides
including adenoviral NLS, adenoviral RME, adenoviral fiber, adenoviral NLS and
adenoviral RME combo, and SV-40 NLS have been tested for their cellular translocation.
Those peptide-gold particle complexes were delivered into three cell lines: HelLa,
3T3/NIH, and HepG2 and their trajectories were characterized by video enhanced color
differential interference contrast (VEC-DIC) microscopy. Those peptides showed
different abilities to access cell membranes (summarized in Table 5.3). Importantly, the
multipeptide approach demonstrated using separate adenoviral targeting sequences
provides an valuable test of the function of individual peptide sequences that may help
increase the effectiveness of nuclear targeting in specific cell line. Cytotoxicity study
showed that those peptide/gold complexes introduced less than 10% of cell death, which
is low toxic. However, further application of BSA-peptide modified gold nanoparticles
for PNA delivery encountered difficulty because of the failure of synthesizing BSA-PNA
conjugate, and the reason is unknown yet.

Taking the advantage of strong binding between streptavidin (SA) and biotin, SA was
applied to efficiently link biotinylated peptide and oligonucleotide onto gold
nanoparticles. We have applied two routes to prepare the biomolecule/gold nanoparticle
complexes. Route A was to coat gold nanoparticles with streptavidin first, and the then
attach the biotinylated peptides or oligonucleotides to the modified particles. Route B
was to conjugate biotinylated peptides or oligonucleotides to streptavidin, and then
electrostatically bind the conjugates to gold nanoparticles (Figure 3.5). Systematic
characterization of complexes prepared via the two routes was investigated. The

adsorption of SA on gold was confirmed by single-pass attenuated total reflection Fourier
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transform infrared (ATR-FT-IR) spectroscopy, flocculation assay was performed to
determine the number of SA required to stabilize gold sol against high ionic strength, and
adsorption of SA on gold surface was studied by the fluorescence difference method.
Exchange of SA with cell culture medium is less than 20% so that a SA/nanoparticle
complex can be used for cellular delivery. Adsorption of BD on SA-coated gold particles
was qualitatively and quantitatively examined by agarose gel electrophoresis and the
fluorescence difference method respectively. We have proved that SA-BP and SA-BD
partitioned onto nanoparticles with an average mole fraction that was similar to their
mole fraction in solution. PNA was annealed to biotinylated leash DNA (BLD) was
prepared and the resulting hybrid was further conjugated to gold nanoparticles through
SA. Stabilities of SA/gold, SA-BP/gold, SA-BD/gold and SA-hybrid/gold were studied.
VEC-DIC microscopy was applied to investigate translocation of SA/gold, SA-BP/gold,
SA-BD/gold, SA-BP and SA-BD combo/gold in HeLa cells. Results showed that gold
particle with SA-BP and SA-BD combo could successfully enter cell nuclei. PNA-BLD
hybrid was adopted as therapeutics to form complexes with SA-BP/gold. The complexes
were delivered to EGFP modified HeLa cells. Fluorescence assay and RT-PCR were
applied to explore the samples’ abilities to correct splicing of the mutant pre-mRNA.
Both of them showed that the peptide/gold nanoparticle vectors had low nuclear-transfer-
efficiency for therapeutic oligonucleotide. The problems are analyzed in Section 5.3.6.3.
In general, we have established a mature system of protein linked peptide/gold
nanoparticle complexes as nuclear targeting vectors. Their properties are systematically
examined and their cellular translocations are analyzed by VEC-DIC microscopy. Some

practical problems during the experiments challenged the application of both BSA and
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SA linked peptide/nanoparticle vectors to deliver therapeutic oligonucleotides. It seems
that a simpler and more stable system needs to take the place of protein crosslinking
strategy. For example, poly ethylene glycol (PEG) involved direct attachment could be an

alternative approach.
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Figure 5.24 Three proposed systems to combine peptide, PNA and PEG stabilizer
together on a single gold nanoparticle. (A) Simultaneously bound thiolated peptides,
PNA and PEG to gold particles. (B) Prepare PEG-peptide and PEG-PNA conjugates
separately, then add them together to colloidal gold. (C) Synthesize a long sequence
containing both peptide and PNA, and then attach the sequence to PEG stabilizing gold
nanoparticles.

Here are several proposals for the direct strategy. First design is to simultaneously
bound thiolated peptides, PNA and PEG to gold particles and PEG serves as stabilizer to
prevent flocculation of the nanoparticles in biological fluids (Figure 5.24A). Second idea
is to prepare PEG-peptide and PEG-PNA conjugates separately, then add them together
to the particles (Figure 5.24B). Third design is to synthesize a long bi-functional

sequence containing both signal peptide and PNA, and then attach the sequence to PEG
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stabilizing gold nanoparticles (Figure 5.24C). All the proposals have the hypotheses that
cationic peptide and neutral PNA work independently and do not interfere with each
other. We believe that achievement of stable and multifunctional peptide/gold
nanoparticle constructs will provide remarkable improvement of nuclear targeting of

therapeutics.
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