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ABSTRACT

An abstract of the dissertation of Sarita Sitaula for the Doctor of Philosophy in

Chemistry presented February 9, 2009.

Title:  Synthesis of Aptamer-Porphyrin Conjugate for Photodynamic Therapy &

Synthesis and Stability of Mixed Thiol/Lipid Coated Gold Nanoparticles

An underlying problem in Photodynamic Therapy (PDT) is low selectivity of
photosensitizers currently being used for the treatment of tumors. This thesis is
focused on developing new PDT drugs and is divided into two parts. The first chapter
describes a method for selective delivery of the photosensitizers to the tumor site by
conjugating porphyrins to an aptamer for the targeted PDT. To achieve this, a novel
synthesis of 2'-porphyrin-modified uridine was developed. The 3'-H-phosphonate
derivatives of both 2'-porphyrin and 2'-dithiaporphyrin modified uridine were also
synthesized. The 3'-H-phosphonate derivative of 2'-porphyrin-modified uridine was
conjugated to a 19-mer DNA and to a 31-mer aptamer that binds to under-glycosylated
mucin 1 (uMUC1) glycoprotein, a well known tumor marker. The uMUC]1 aptamer-
porphyrin conjugate has potential applications for various tumor-targeted PDT.
Potential applications of internally modified 2'-porphyrin 3'-H-phosphonate could be
in the synthesis of various other aptamer-porphyrin conjugates or in creating porphyrin

arrays on DNA scaffold by using automated solid phase synthesis.



The second part of the thesis describes the functionalization of gold
nanoparticles with phospholipids. The idea behind this effort is to pave the way for
future applications for the functionalization of bilayer gold nanoparticles with
aptamer-porphyrin conjugates that could play dual roles for selective delivery of drugs
and PDT. Both natural and synthetic phospholipids were used to synthesize gold
nanoparticles coated with various types of phospholipid bilayers. Bilayer gold
nanoparticles were converted to hybrid bilayer gold nanoparticles by partial thiol
exchange. TEM image analysis showed only small changes in size by varying
phospholipids in hybrid bilayer gold nanoparticles. The stabilities of bilayer and
hybrid bilayer gold nanoparticles were tested with potassium cyanide and iodine.
Results showed that the stability of various types of phospholipid-coated bilayer gold
nanoparticles can be tuned by using partial alkanethiol exchange. Stable gold
nanoparticles were obtained by exchanging hydrophobic alkanethiol for various types
of phospholipid-coated bilayers gold nanoparticles, which forms a submonolayer on
the gold surface with a gold: 1-decanethiol ratio of 21:1. The stable hybrid bilayer
gold nanoparticles could find applications in micropatterning and formation of solid

supported lipid bilayers for biosensor design.
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CHAPTER 1

SYNTHESIS OF APTAMER-PORPHYRIN CONJUGATE FOR
PHOTODYNAMIC THERAPY

1.1 INTRODUCTION

In the introductory section of Chapter 1, first the porphyrin and
construction of porphyrin arrays are briefly described. Second, the section covers
porphyrin based photosensitizers and their roles in Photodynamic Therapy (PDT),
followed by antibody and aptamer target for a selective delivery of photosensitizers
to the tumor site. General procedures of different approaches of solid phase DNA
synthesis, porphyrin-DNA conjugates, and internal mbdiﬁcation of bases are
described in brief. Furthermore, this section gathers information on the under-
glycosylated-mucin 1 glycoprotein (uMUC1), and also addresses the question of
why aptamers to these proteins are selected for a tumor target. Finally, this thesis

describes why uMUCT aptamer was chosen for these studies.

1.1.1  Porphyrin

Porphyrins are common structures in Nature and are found in such
systems as chlorophyll and hemoglobin. Porphyrins such as myoglobin and
hemoglobin play important roles in many biochemical functions including oxygen
storage and oxygen transport.l’2 In many enzymatic reactions, porphyrins transport
electrons’ (cytochrome b and c). They are also involved in oxygen activation and
utilization in cytochrome P450 and cytochrome oxidase.*’ Porphyrins are the
6

major structural units in light harvesting antennae used in natural photosynthesis.
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In the laboratory, these structures can be molecularly designed and constructed to
mimic the natural photosynthetic system,*'® and enzymic processes.'! Porphyrins
are attractive building blocks for the construction of supramolecular structures
because they show interesting properties in optoelectronics,12 light-energy

1314 and catalysis.ls'17 Further, porphyrins have been shown to have

conversion,
potential application in information storage'® and as semiconductors.”” Recently,
the non-covalent assemblies of porphyrins have been used to develop photoactive
nanodevices.*!

Porphyrins can be designed and synthesized to obtain various desirable
properties. For example, synthetic metalloporphyrin arrays are used in sensors? in
artificial olfaction.”>** Oligomer-conjugated porphyrin polymers show non-linear
optical properties.zs’26 Anderson and co-workers have developed conjugated
porphyrin polymers that show increase in non-linear optical properties.27
Therefore, these molecules have potential applications in optical communications
and electro-optical signal processing. In recent years, synthetics supramolecular

porphyrin arrays have received an enormous attention among scientists, and are

described in following section.

1.1.2  Construction of Porphyrin Array

Various methodologies have been employed for creating porphyrin arrays
for applications in electronics and molecular photonics devices. Lindsey and
Wagner28 designed and created a covalently linked linear porphyrin array for the
construction of molecular photonic wires. In this array, an excited state of

porphyrin first results from light absorption by one end of the array, followed by
2



the transfer of excitation energy from the light-absorbed end to the opposite end of
the array. Recently, Kim and co-workers have developed covalently linked cyclic
porphyrin arrays, which can be used in modeling the photosynthetic reaction
center.”’ Kobuke and co-workers have developed a method for creating a multi-
porphyrin array which could enable transfer of excitation energy.30 Eventually,
these arrays could substitute the photophysical properties of chlorophyll. The
electronic structure of porphyrin arrays is very similar to m-conjugated systems;
when a z#-conjugated system is conjugated with porphyrin, it exhibits nonlinear

optical properties.25 2731

Consequently, porphyrin arrays have potential applications
in creating novel opto-electronic materials. Such arrays can also serve as models
for the study of energy and electron transfer processes in artificial photosynthetic
systems.

A large number of covalently linked cyclic and linear supramolecular
porphyrin arrays have already been constructed for the purpose of modeling and
adopting light-harvesting, as well as for charge transfer studies in natural
photosynthetic systems6’29’32'35; these structures have potential applications in
various molecular devices. Furthermore, covalently linked linear multiporphyrin
arrays (shown in Fig 1.1(A)) transfer electron and energy efficiently upon
irradiation with light.® Therefore, these arrays could be used as electronic and
photonic wires. Changes in a porphyrin’s substitution pattern and metalation
influence their physical as well as chemical properties.36 Photo-physical properties
of synthetic porphyrins can be altered by co-coordinating different metals in the

core.’” In addition, the heterogeneous combinations of porphyrin derivatives

have been applied to energy-transfer, and electron-transfer systems.40 When
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different substituted porphyrin units are covalently linked, electronic interaction

between the porphyrin units changes,*™

which is crucial in the design of
electronic gradients for effective energy or electron transfer in various devices. A
large number of publications have demonstrated that the covalently-linked
supramolecular porphyrin arrays are versatile building blocks for the design of
electronics, sensors, optical devices, and solar energy conversions. However,
replacement of porphyrin building blocks along the array is cumbersome and
requires the redesign and reconstruction of the complete supramolecular array.
Recently, DNA has been exploited as supramolecular scaffold to produce
nanoscale molecular photonic wirf;is.‘m’45 In particular, Garca-Paraj and co-workers
demonstrated that chromophores attached on a DNA-scaffold transferred energy at
high efficiency.* The DNA-based photonic wires have received a great deal of
attention for their applications in nanobiotechnology. For example, AuNPs can be
selectively attached to the DNA in é DNA chip which leads to precise
micropatterning of gold.*® Moreover, functional molecules assembled on DNA
scaffold can be used in creating nano mechanical devices which have biological
applications.%"”’48 Co-ordination of functional molecules on DNA scaffold is a
promising approach for the development of structurally controlled precise
nanostructures. Kool and co-workers have developed a library of chromophore
arrays on DNA-like scaffold that mimics the properties of natural DNA.%#
Furthermore, they demonstrated that single-chromophore labeled deoxyribosides
exhibit different fluorescence properties compared to multiple-chromophore
labeled deoxyribosides. Recently, Yamana and co-workers created pyrene arrays

on an RNA scaffold, and reported that RNA- and DNA-based chromophore arrays
4



could find applications in molecular recognition due to the unique helical
structure.*’

Various research groups have reported that multichromophore assembled
supramolecular systems exhibit significantly different photophysical properties
from the monomeric chromophore unit}130-52 Therefore, the number of
chromophores and their arrangements play important roles in optimization of
electron transfer in self-assembled systems.*"*! Porphyrins are one of the most
attractive chromophores, and possess unique photochemical properties including
the ability to absorb red light. By employing a DNA scaffold, supramolecular
porphyrin arrays (Fig 1.1(B)) can be created, and their photonic and electronic
properties can be explored. Later in this thesis, a method has been developed which
can be used for creating porphyrin arrays on a DNA scaffold (Section: 1.4.3).

Apart from the aforementioned applications of porphyrins, they have also
been employed in phototherapy.5 3 Porphyrins absorb and transfer energy with high
efficiency in natural systems.54’55 Due to their high energy absorption and transfer
properties, porphyrins are used as photosensitizer in PDT, which is the focus of the
current research. Various types of porphyrin based photosensitizers and their roles

in PDT will be described next.
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Figure 1.1 Porphyrin arrays. (A) A linear porphyrin array,29 (B) porphyrin array on a growing
DNA scaffold. CPG stands for Control Pore Glass.



1.1.3  Photosensitizers

Porphyrins and porphyrin-based photosensitizers have been extensively
studied for their application in PDT*"% because of their beneficial properties.
These include high singlet oxygen quantum yield, a lack of dark toxicity, and
strong absorption with a high molar extinction coefficient in the red region.”® »
PDT is a localized treatment of tumors that uses a photosensitizer, light, and
oxygen. Upon absorption of light of a specific wavelength, the photosensitizers are
changed into an excited singlet state, and via intersystem crossing excited singlet

state changes to the triplet state. The triplet state of photosensitizers transfers

energy to the ground state molecular oxygen present in tissue surrounding it, which
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Figure 1.2 Role of photosensitizers in singlet oxygen production. S, = ground state of
photosensitizers, A = absorption of light of specific wavelength, S; = excited state of
photosensitizers, E = emission, Kic = intersystem crossing, and T, = triplet state of
photosensitizers.



results in the production of reactive oxygen species such as singlet oxygen ('0y)
(as shown in Fig 1.2.) which kills tumor cells. %0

The Food and Drug Administration (FDA) approved the photosensitizer,
Photofrin (Fig 1.3), a derivative of hematoporphyrins, which has been used in PDT
in various countries.’®®%2 However, there are several drawbacks to the drug, such
as low selectivity and low molar absorptivity at 630 nm. %! Higher doses of the
drug are therefore required, as well as a more intense light for the effective
treatment of tumor in PDT. Additionally, a major disadvantage of Photofrin is the -
side effects involved with treatment. The remnant of the drug causes the post-
treatment photosensitization effect on patie:nts.61’62 To overcome these side effects,
effort has been directed towards the development of photosensitizers that have
fewer or no side effects after treatment. A few of the second generation

photosensitizers that have high molar absorptivity and high phototoxicity have

been developed and are discussed in the following section.

HO

OH
HOOC

HOOC

Figure 1.3 Haematoporphyrin derivative II (Photofrin).



1.1.3.1 Second Generation Photosensitizers

An ideal photosensitizer should have the following attributes: absorbs
light strongly in the red region (600 — 800 nm), where light has maximum
penetration into deep tissue; produces enough singlet oxygen and kills tumor cells
efficiently; be tumor specific, and finally; should rapidly clear from the system

63,64
soon after treatment.’>%%

Some of the second generation photosensitizers possess
a few properties of an ideal photosensitizer. Mono-L-aspartyl chlorine €6 at 654
nm (40,000 M”cm™), Benzoporphyrin Derivatives (BPD) at 690 nm (36,000
M'cm™), phthalocyanine at 650 — 700 nm (200,000 Mlem™), meta-
tetrahydroxyphenyl chlorine (m-THPC) at 652 nm (22,400 M'em™),>
pyropheophorbide-a derivatives at 665 nm (47,500 M'lcm'l),65 which all have
high molar absorption coefficient, are promising second generation
photosensitizers (Fig 1.4 (A) — (F)) for PDT. Another class of photosensitizer is
dithia core-modified porphyrins. These porphyrins absorb in the near infrared
region of light, and have high molar absorptivity at 690 — 717 nm (7500 M™
cm™)*%¢ compared to Photofrin at 630 nm (1170 M'em™),% which make them
amenable candidates for the treatment of tumors in a near infrared region.
Recently, Leung and co-workers have reported that the Bis-Amino Silicon (IV)
Phthalocyanine (BAM-SiPc) that has significantly high phototoxicity against

HepG2 tumor tissue but biodistribution of BAM-SiPc was found to be

nonspeciﬁc.68

Although many promising photosensitizers have been developed, none of

them are effective on PDT unless they are specifically targeted to tumor cells. The



HOOC COOH

(B)

HOOC O

HOOC
(C)

/ NaOOCCH,0

NaOOCCH,0 O

" Figure 1.4 Second generation photosensitizers. (A) Mono-L-aspartyl chlorine e6, (B)
protoporphyrin IX , (C) benzoporphyrin derivatives, (D) m-tetrahydroxyphenyl chlorine (m-
THPC), (E) bis aminosilicon(IV) phthalocyanine (BAM-SiPC), and (F) dithiaporphyrin.
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main drawback of all photosensitizers is a low selectivity for tumor over normal
tissue.”’ This may result in damage to normal tissue after PDT due to
photosensitization effect. Another challenge is that photosensitizers are
hydrophobic in nature, which makes them difficult to dissolve in aqueous and
biological fluid.® Recently, the synthesis of glycosylated porphyrin dimers and
their potential application in PDT has been reported.49 Progress has been made in

developing the third generation of photosensitizers, and will be discussed next.

1.1.3.2 Antibodies-Photosensitizers

Recent progress in the development of a third generation of
photosensitizers involves conjugation of photosensitizers to the biomolecules. This
provides specificity to targeting cancerous cells. By conjugating photosensitizers to
monoclonal antibodies, photosensitizers can be selectively delivered to the tumor
associated antigen.56 Levy and co-workers conjugated porphyrin to antibodies for
the ﬁrsf time in the 1980s.” Conjugation of haematoporphyrin with albumin,”"
phthalocyanine with monoclonal antibodies’® and porphyrin with antibodies’>™
were all studied for targeted PDT. Toluidine Blue O (TBO) conjugated to an
antibody specifically targeted against the cell surface of Porphyromonas
gingivalis.75 In particular, TBO-antibodies conjugates were found more effective
compared to non-conjugated TBO. Various research groups have demonstrated

that antibody-targeted photosensitizers provide high specificity.’®’¢*!
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Because hydrophobic photosensitizers tend to aggregate in an aqueous
medium, conjugation of photosensitizers to antibodies is cumbersome.’5%
Therefore, photosensitizer immunoconjugates employed in past studies were
contaminated with free photosensitizer impurities.sg’83 Recently, a novel and
simple method for producing functional high purity photosensitizer
immunoconjugates have been developed by Hasan and co-workers.®®* In that
work, they first modified an antibody with two branched polyethylene glycol
before conjugation of photosensitizers to the antibody. Hasan’s group also
demonstrated that photosensitizer-antibody immunoconjugates selectively targeted
and killed Epidermal Growth Factor Receptor (EGFR) over expressing tumor cells
in PDT.® Further, the quantum yield of conjugated photosensitizer to antibody
(Fig 1.5) was found to be sufficient to kill cancer cells. Particularly, they
demonstrated that BPD-C225 conjugate targeted and killed the EGFR while free
BPD did not show specificity. However, the binding affinity of conjugated
antibodies decreased compared to native antibodies. Furthermore, these studies
explained that the binding affinity of antibody depends on the number of
photosensitizers loaded per antibody. In particular, for seven photosensitizers (e.g.,
BPD) loaded per antibody, the binding affinity decreased by 50%. On the other
hand, the authors also reported that the photosensitizer labeled immunoconjugate

was found less effective than the free photosensitizer due to changes in the

photophysical and photochemical properties of the photosensitizer.83

Antibodies are an attractive target for selective treatment of tumors in

PDT. However, there are several problems associated in the development of high
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quality antibody-photosensitizer conjugates that do not alter the antibody’s
photophysical and biological properties. Due to the poor solubility of the
photosensitizer in water, a serious problem occurs when coupling of the
photosensitizer to the antibody.56’85 As mentioned earlier, a major problem is the
aggregation of photosensitizers in an aqueous media. Therefore, prior to the
conjugation of photosensitizers to the antibodies, a modification of
photosensitizers with a suitable functional group is required for linking the

86,87

lysine, thiol,”® dextran® or polyvinyl alcohol group87 of a monoclonal

antibody.56

Figure 1.5 Schematic diagram showing antibody-photosensitizer conjugate. Orange ovals are
photosensitizers (e.g., BPD) attached to the antibody (7 BPD/antibody).
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Furthermore it has been reported, particularly in vivo, that the large size
of a monoclonal antibody limits the ability of the conjugate to penetrate large
solids such as deep-seated and poorly vascularized tumors.”® Options for selective
drug delivery includes aptamers targeting. Conjugating a therapeutic agent (e.g., a
photosensitizer) to the aptamer is becoming a common method of creating targeted
therapeutic treatment. In the next section, recent studies in aptamers, their

advantages over antibodies, and their applications will be described.

1.1.4  Aptamers

Aptamers are 3-D structures of artificial single stranded DNA, RNA or

91-93

modified nucleic acids that have high binding affinity to a target protein, whole

cell®™ % or small molecules targets (i.e., ccl)caine).%'99 These structures fold and

91,100

bind to the target with very high specificities at nanomolar, and micromolar

103,104 4nd since then

quantities.'®'® Aptamers were discovered in the early 1990s;
have been extensively studied for their applications in detection reagents,'®’
. 106 . 107,108 . L .
pharmaceuticals, ~ and proteomic tools. The unique binding properties and
synthetic versatility of aptamers have provided an additional route for the
development of novel therapeutics and molecular biological tools.'®!'® This has
been demonstrated by increasing number of research that use aptamers in target

validation, biomarkers, therapeutics, and drug discovery.gl’lll'114 Aptamers have a

distinct advantage over the antibodies in that they have a small size (8 — 15 kDa)
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relative to antibodies (150 kDa).'"*!''> The stability and small size of aptamers

make them superior to antibodies for in vivo applications.

Aptamers are typically generated by a process called Systematic
Evolution of Ligand by Exponential Enrichment (SELEX).'® SELEX is a
combinatorial library in which specific oligonucleotides sequences that bind with
high affinities toward a target can be rapidly screened.'® SELEX can be performed

in both automated systems' 'V’

as well as manually at the bench top. This method
uses a large (10" - 10" sequences) oligonucleotide pool to select potential binding
species, i.e., aptamers to molecular targets."'>''® In addition to generating aptamers
against purified proteins and small molecules, cell-SELEX technology can also be

94,95,119,120

applied to generate aptamers that are specific to cells and tissues.'*!

The unique binding features of aptamers have made them particularly
interesting. Okahata and co-workers have selected RNA-aptamers for the sensing
of arginine-rich-motif peptide in vitro."** Recently, the selection of DNA aptamers
that bind with high affinity and selectivity to tumor markers present in a variety of
malignant tissues known as under-glycosylated mucin 1 glycoprotein (uMUC1)
were generated.go’123 In another study, aptamers were employed to identify new
tumor markers with a potential application in the diagnosis of glioblastoma brain
tumors. 2% Aptamers have been selected against various cancer specific proteins
such as Platelet Derived Growth Factor (PDGF),'*'® PSMA,'®!*® vEGF, 1%
and Tenascin-C,'>*13*  he oligomeric form of HER3 that are found in cancer
cells.®>% Even though aptamers are selective for binding, they do not usually

possess an innate therapeutic property. Aptamers can be efficiently used to produce
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specific molecular probes to differentiate diseased cells."’

They can distinctly
recognize the molecular level differences between healthy cells and diseased
cells.!20:1%8 Aptamers can be also applied in distinguishing between conformational
states of proteins, and can also be exploited in selection of regulatory sites of the
protein.**'* In such sites, they either inhibit protein function or change an active
form of protein to stable form. Recently, a general strategy for designing aptamer-
fluorophore conjugate that functions by switching structures from DNA/DNA
duplex to DNA/target complex has been reported by Nutiu and co-workers.'*°
From their study, aptamers form defined tertiary structures for specific target
binding, which results in release of the quencher attached to complementary

oligonucleotides. Eventually, aptamers are useful in the design of a biological

switch.

Some major advantages afforded by aptamers are that they are small,
stable, adaptable to organic solvent, and easy to handle. Because of their small
size, they can easily penetrate large deep-seated tumors.”®™! In addition, they
rapidly clear from the system due to their high hydrophilicity, and lower molecular
weight.m’143 This project has focused on the use of DNA aptamer for targeted

PDT. A recent study that uses aptamer target is presented next.

1.1.4.1 Aptamer Conjugated to Photosensitizers

Recently, aptamers have been used to improve imaging and radiotherapy

141

with reduced side effects. Missailidis and co-workers ~ have generated mono and
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multi-aptamer complexes around a porphyrin chelator. In their work, a
commercially available tetra(carboxy-phenyl)porphyrin bearing four carboxyl
groups was coupled with selected 5'-amine modified aptamer to the MUC1 tumor
marker followed by radiolabeling. Further, the radiolabel multi-aptamer complexes
were used in a targeted radiopharmaceutical. These complexes were found to
increase the retention time of the complex in circulation, without affecting its

superior tumor penetration properties.

The experiments in this thesis have developed a general method of
conjugating porphyrin to aptamers in an efficient way for specific tumor targeting.
For this, a 2'-internally porphyrin-modified nucleoside has been created which can
be conjugated to DNA (as shown in Fig 1.1(A)) using solid phase automated
synthesis. Further, a goal of the research - to employ a solid phase automated DNA
synthesis to conjugate porphyrin to the aptamer — was achieved by using a 2'-
porphyrin-modified H-phosphonate derivative of uridine. In addition, using a solid
phase method, a porphyrin can be conjugated multiple times along an aptamer
strand attached to a solid support. General procedures of different approaches in

automated solid phase DNA synthesis will be described next.

1.1.5  Approaches to Automated Synthesis of DNA

DNA synthesis wuses multiple approaches in generating the

144,145

oligonucleotides including: phosphotriester, phosphoramidite,l46’147 and H-

phosphonate148 methods. Generally, the phosphotriester method is common in
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solution phase synthesis.149 However, phosphoramidite and H-phosphonate

chemistry are most commonly used in automated solid phase synthesis.

1.1.5.1 Phosphoramidite Approach

The phosphoramidite method is the most widely used synthetic approach
in DNA synthesis. The 3'-phosphoramidite derivatives of nucleosides are most
commonly used in automated DNA synthesis.lso’15 ! This method adds one
nucleotide per synthesis cycle to the 5 end of the sequence. The DNA synthesis
cycle begins with a 3'-hydroxyl nucleoside attached to a solid support Control Pore
Glass (CPG) through a long spacer arm (as shown in Fig 1.6). The support-bound

nucleoside has a 5'-DMT protecting group (DMT = 4,4'-dimethoxytrityl) and a

OCH;
i (0)
O o Basel
H;CO 0
(l) OAc -
g'\/\/o O\[(N NN TN 0
i
)\ 0

Figure 1.6 Starting base in DNA synthesis attached to the solid support (CPG) by long spacer.
5'-hydroxyl protected with DMT. Basel could be Adenine, Guanine, Cytosine, and Thymine.
Amines protected with benzoyl or isobutyryl group.
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base protected with benzoyl or isobutyryl group. Using this solid supported DNA
synthesis allows the filtration of excess reagent, thus eliminating further

purification steps between the consecutive base additions.
The phosphoramidite cycle involves the four different steps:

¢ Detritylation
e Activation/coupling of the bases
s Capping

¢ Oxidation
Detritylation

The first step, called detritylation (also called deblocking), is the removal
of DMT group with trichloroacetic acid (TCA) which frees the 5"-hydroxyl for the
coupling reaction (Fig 1.7). DMT protection is commonly used in DNA synthesis
since it is easily removed with mild acid. Another benefit of the of trityl groups is
that carbocations have a distinctive orange color which can be used as diagnostic
tool on a DNA synthesis. The efficiency of each cycle can be followed by using
the absorbance reading of trityl (4,4'-dimethoxytrityl) removed in UV-vis

spectroscopy.
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Figure 1.7 Schematic diagram of the removal of DMT by TCA. Right side of arrow shows
free trityl cation and 5’-hydroxyl free nucleoside.

Activation and coupling

In the second step, the activation is followed by the coupling of 3'-
phosphoramidite base (as shown in Fig 1.8). The phosphoramidite derivative of the
sequential nucleotides is activated using tetrazole. Tetrazole is a secondary amine
so the donation of proton allows formation of a thermodynamically stable anionic
aromatic ring, which does not affect the DMT group. Tetrazole protonates the
diisopropylamino group of a nucleoside’s phosphoramidite, making it susceptible
to the nucleophilic attack. The resulting intermediate is very reactive, leading to

the complete coupling step in less than 30 seconds.
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Figure 1.8 Activation of 3'-phosphoramidite of nucleoside by tetrazole, and coupling of
activated phosphoramidite to growing oligonucleotide attached to a solid support.

Capping

The third step is called capping, and this step terminates any chain that -
did not undergo coupling (Fig 1.9). The unreacted chain has a free 5’-hydroxyl
which can be terminated or coated by acetylation to become “failure products”
while the DMT group of a successful coupling step protect the 5-hydroxyl end
from being coated. This is achieved with acetic anhydride and 1-methylimidazole.
This step minimizes the impurities and facilitates purification of trityl-on (4,4'-

dimethoxytrityl) DNA showing different retention time in HPLC.
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Figure 1.9 Capping of failure base in DNA synthesis with acetic anhydride.

Oxidation

The fourth step is oxidation. In this step, the internucleotide linkage is
oxidized from the less stable phosphotriester P(IIT) to the more stable phosphate

P(V) as shown in Fig 1.10. Upon oxidation, the DMT moiety is removed using

OCH;, OCH;
Q O\‘ o Base, Q \‘ Base,
O I,/H,O/Pyridine O
H3CO

O
O0—-P=0

o >
H;CO 0 1’; Oxidation

|

()

R Base, j Base;
0 0
CPG CPG

Figure 1.10 Oxidation of phosphorus (III) to the phosphorus (V) in DNA synthesis.
22



TCA, and the cycle can be repeated until the desired chain elongation is complete.
The complete solid phase automated DNA synthesis cycle using 3'-

phosphoramidite nucleoside is illustrated (Fig 1.11).

o Base; DMTO.
l o Base;

~P=0 o .

] . .
H 0 o Base, cpg Detritylation(TCA)
NC Ho
| o Base,

CPG

: ?
Oxidation
(1,/Pyridine/H,0) CPG

\l o Base,

2
DMTO. Phosphoramidite cycle in Activation/Coupling

DNA synthesis

(I) 3 YN\P/O
I
CPG Capping = o
N e T
'
CN
ACO.
] o Base,
it
CPG

Figure 1.11 Automated DNA synthesis cycle using a phosphoramidite method
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In this project, the H-phosphonate approach was used to conjugate
porphyrin to an aptamer that is attached to a solid support. While the
phosphoramidite method is effective, it is time consuming because oxidation and
capping steps are required after each condensation reaction. Despite widespread
use of the phosphoramidite coupling method, certain functional groups are not
compatible, and the H-phosphonate method discussed in the following section

remains a viable alternative synthetic approach.

1.1.5.2 H-Phosphonate Approach

H-phosphonate chf:mistry152 uses the same solid support (CPG) as the
phosphoramidite cycle, and the chemistry is very similar to that of the
phosphoramidite approach. Differences result from the properties of the monomers
utilized and from a simpler synthetic cycle. The 3’-H-phosphonate monomers (as
shown in Fig 1.12) are used instead of the 3'-phosphoramidite derivatives. In this
method, the monomer that is able to be activated is a 5'-hydroxyl protected 3'-H-
phosphonate salt form of nucleosides. A different activating agent is used such as

pivaloyl chloride, and 1-adamantoyl chloride.

Because H-phosphonates
nucleosides are stable and resistant to air oxidation, the phosphate protection is
unnecessary.15 3 In addition Rogers and co-workers reported that amine protection
is also not required in H-phosphonate nucleosides."™ The H-phosphonate diesters
53,

generated by the coupling reactions are stable to the normal reaction conditions,'

133 50 oxidation at every step is not required. Instead, a single oxidation step is
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performed at the end of the chain elongation. This single oxidation step makes it
easy to produce modified DNA. For instance, if an elemental sulfur is used as the
oxidizing agent, all of the internucleotide bonds will then contain sulfur instead of
oxygen attached to the phosphorous atom.'*® Further, the H-phosphonate approach
is of value when the internucleotide linkage required is other than the standard
phosphodiester linkage. The most popular use of H-phosphonate chemistry is for
the radioactive labeling of all phosphodiester linkages to phosphorothioate by
using radioactive sulfur.! However, H-phosphonate chemistry is used in this

research only for conjugation of porphyrin to the DNA and aptamers.
The H-phosphonate monomers

The H-phosphonate monomers (Fig 1.12) are protected at the 5'-hydroxyl
position with a DMT. In commercially available H-phosphonate nucleosides, the

exocyclic amines on the bases are protected by the benzoyl or isobutyryl groups as

NHBz

0 NHBz
HN CH; 2
)\/Q BuHNJ\)K/E ;\)ﬁ ;j
T
DMTO\‘ I DM o\' ' DMTO\‘ o | DMTO 00 N

0
O=P'H o= P H o= P H O=Il"H
ONHEt i
(_)1,;JHEt3 ONHEL QNHEtS ONHEt

dA-H-phosphonate  dG-H-phosphonate dT-H-phosphonate ~ dC-H-phosphonate

Figure 1.12 Commercially available monomers of H-phosphonate. Bu = isobutyryl and Bz =
benzoyl protecting groups.
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in the B-cyanoethyl phosphoramidites. The H-phosphonate group is attached to the
3'-position of the nucleoside. The steps involved in H-phosphonate cycle are

described below.

Detritylation

This step is similar to the phosphoramidite cycle as described for
phosphoramidites. Residual TCA from the detritylation step should be neutralized
with a solution of pyridine in acetonitrile. Neutralization also provides the proper

solvent medium for the coupling reaction in H-phosphonate cycle.
Coupling

After detritylation and neutralization, the second step is the delivery of
base protected H-phosphonate derivatives of nucleoside to the reaction column.
Adamantoyl carboxyl acid chloride is used to activate the H-phosphonate. First,
admantoyl carboxyl acid chloride is added to the 3'-H-phosphonate nucleoside
monomer. The coupling occurs through a nucleophilic attack by the free 5'-
hydroxyl group on the phosphorous of the incoming activated monomer and
completes in 1 — 2 min. For this reason, it is important that the environment be
hydroxyl-free. The phosphonate diester linkages generated by this coupling are
stable. Therefore, an oxidation step is not necessary in each step, and is performed

at the end of the synthesis.

Following the coupling step, the cycle of reactions is repeated, beginning

with the detritylation step, until chain elongation is complete.
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Oxidation

The oxidation step is normally omitted during cyclic chain elongation,
and a single oxidation is performed later with the required oxidizer. In the
oxidation step, the hydrogen atom which is bound to the phosphorous is replaced
with an oxygen atom. Oxidation is accomplished with a mixture of two solutions.
One solution contains iodine in tetrahydrofuran (THF), and the other N-
methylmorpholine in water and THF. If required, the DNA can be modified at this
step. The complete solid phase DNA synthesis cycle by using 3'-H-phosphonate

nucleoside is presented (Fig 1.13).

o Base,
DMTO.
o.Base,
I/_: 1

7
O-g=0 o Detritylation
o Basel CPG Trichloroacetic acid (TCA)
HO
)\ /\ o Base,
|
CPG .
|
CPG
3 2
Oxidation Lo .
e Activation/Couplin
(I,/Pyridine/H,0) H-Phosphonate cycle in ping
DNA synthesis 1-Adamantoyl
DMTO. o Base; chloride
(l) l 0 Base,
0=]|’-H
O

0 Base, |
I
ONHEt;
=+

Figure 1.13 Automated DNA synthesis cycle using H-phosphonate method.
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Final detritylation

The regular detritylation cycle is used unless reverse phase purification is
required. When final DMT remains coordinated, it exhibits higher retention time
than truncated DNA, and assists purification by a reverse phase cartridge or by

HPLC.
Oligonucleotide deprotection

Upon completion of the synthesis, concentrated aqueous ammonia
solution deprotects a solid support attached to the DNA as well as the benzoyl
protecting group of the oligonucleotide. Isobutyryl protecting groups can be
removed by heating the ammonia solution at 55 °C for an hour. After deprotection,

DNA and modified DNA can be purified by HPLC and gel electrophoresis.

This research has used an internally 2'-porphyrin-modified base, and the
H-phosphonate approach to synthesize a porphyrin-DNA conjugate using a solid
phase automated synthesis. Methods of synthesis of porphyrin-DNA conjugates
have already been reported, and literature review on synthesis of porphyrin-DNA

conjugate will be presented next.
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1.1.6  Oligonucleotide-Porphyrin Conjugates

The interaction of porphyrins with DNA has been an area of interest for

its potential applications in cancer therapy.'>*'®

Free porphyrins and
metalloporphyrins are known for site selective cleavage of DNA. %1% 1n addition,
porphyrin covalently conjugated to oligonucleotides has received a greater
attention to get insight of electron transfer phenomena and conformational ahalysis
of DNA. Muenier and co-workers have covalently attached tetracationic
manganese porphyrins to oligonucleotides and were found efficient site selective
DNA cleaving molecules.'®*!** Berova and co-workers have conjugated porphyrin
derivatives to DNA for the study of DNA conformations.'® ' Further, porphyrin-
DNA conjugates have also been extensively explored in electron transport studies
by this group. Porphyrin-modified oligonucleotides exhibited a lower melting
temperature than their unmodified analogues.m’168 The method for conjugating
porphyrins to DNA includes terminal and internal modification. Terminal

modification is commonly used in porphyrin modified DNA synthesis, and recent

work in terminal porphyrin modified DNA is described next.

1.1.7 Terminal Modification

Modified synthetic oligonucleotides have been synthesized by various
methods. DNA can be modified at terminal ends or at various internal positions of
nucleoside. Terminal modification of DNA includes the modification at 3'- or 5'-

position (Fig 1.14(A)). These modifications can be carried during DNA synthesis
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or post-DNA synthesis. Modification at 5'- and 3’-ends of the nucleosides is the
most common, and has been widely used in the synthesis of modified
oligonucleotides. Porphyrins have been conjugated at 5'-end'®"1%8 and 3'-end'®® of
DNA, and have also been embeddedw in between DNA.'® These instances have
been reported and their roles in electron transport studied. Recently, water-soluble
5'-modified porphyrin and metallophorphyrin-DNA conjugates with a short 5'-

amide linker between porphyrin chromophore and nucleobase were reported.168

Exclusively, DNA modification has employed both 5’-and 3'-ends;
however, modification at these ends terminates the synthesis of DNA. In order to
conjugate porphyrins at either the 5" or 3’ end of DNA, prior modification at those
positions with an amine or other functional groups is required. An efficient way of
conjugating pofphyrins without terminating the DNA synthesis is of a subject
interest in this project. Internal modification, where the modifier is located on or in
place of an internal base is another route to introduce porphyrins in DNA.
Literature review on internal modification of nucleosides, and the recent work on

internally porphyrin-modified DNA will be introduced next.

1.1.8 Internal Modification

Modified oligonucleotides are widely used in diagnostic probes,
therapeutic candidates, and artificial enzymes.”o’”2 The 5'-position of
deoxyuridine is the most common for introducing structural diversity in

oligonucleotides. The structural modification of biopolymers such as DNA and
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RNA provides these molecules to be used in sensors, aptamers and molecule

recognitions as well as in various other biological applications.

Recently, internal modification has gained interest for modifying
synthetic oligonucleotides. For example, an internally fluorophore-modified
oligonucleotide probe is advantageous for Fluorescence Resonance Energy
Transfer (FRET) studies. DNA-based probes with longer sequences that  have
fluorophore and quencher separated by 4-5 nucleotides resulted in best FRET
signal implying that internally fluorophore label DNA could exhibit better
performance.'’*'’* FRET occurs within 1 nm to 10 nm of donor and acceptor.175
DNA-based FRET study has useful biological applications in real time monitoring
in vivo as well as in vitro.'”” By using internal modification, two identical
fluorophores can be efficiently inserted in close proximity along a DNA strand.
Watanabe and co-workers have demonstrated that two identical fluorophores
inserted in a DNA-based donor probe increased the fluorescence signal intensity

176

and minimized the background noise.””” In another study, Watanabe’s group have

detected a RNA molecule selectively from the identical sequences under similar

conditions by using intramolecular FRET study.'”’

Modification of nucleosides using phosphoramidite or H-phosphonate
moieties is one way of internal modification. The phosphorus backbone
modification is another approach to modify DNA internally. Recently, Majima and
co-workers synthesized porphyrin-DNA conjugate by introducing porphyrin to the
phosphorus atom via a linker which is diastereochemically pure

phosphoramidate.”® By modifying the phosphorus backbone, oligonucleotides
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8 However, this affects the

become resistant to enzymatic cleavage.17
internucleotidic linkages between nucleotides. In addition these modifications

require either special synthetic steps or special modified nucleoside monomer,

other than phosphoramidite derivatives.

Modification at various positions of nucleobases is an established method
of internal modification. Intemal modification has been reported for adenine,179
thymine,180 guanine and cytosine with 1-ethynyl pyrene,181 and at various positions

of uridine. Tetramethyl rhodamine (TAMRA) labeled at the 5-position'®?

of base
as well as various molecules such as iodine, fluorine label at bases were reported
for various purposes. Recently, 7-fluoro substituted adenine and guanine
monomers were found to increase the stability of DNA duplexes.'® The quencher
dye, TAMRA, labeled at the 5-position of the uridine, and at the 4-position of the
thymidine has been used for FRET study.'” Porphyrin labeled at the 5-position of
uridine'® was recently reported for creating porphyrin arrays in DNA molecules.
The porphyrin array at the 5-position in 10-mer and 20-mer DNA strands with
rigid acetylene spacers showed a significant drop in the melting temperatures of
duplex DNA. Further, every additional porphyrin added into the strand displayed a
noticeable disruption in the base pairing by the porphyrin. This study revealed that
the modification at bases on nucleoside interfere with the base pairing of DNA.

Recently reported methods of internal modification include at the 2'-
position of sugar ring. Various lengths of the amine linker modified bases are

commercially available for internal modification of oligonucleotides. The 2'-

modified bases have been an important tool for the introduction of molecules of the
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desired interest into oligonucleotides. The 2'-selenium modified uridine was also
found to crystallize DNA well.’®> Methyl, methoxy and the alcohols'*® modified at
the 2-position of uridine have been reported. The 2'-amine-modified uridine,
synthesized by McGee and co-workers,'® is a well established method that has
received enormous attention in the modification of oligonucleotides. Shohda and
co-workers'®® have reported the synthesis of 2'-O-methyl-2-thiouridine modified
oligonucleotides and have demonstrated enhanced selectivity of modified bases.
Oligonucleotide-anthraquinone conjugates via one carbon linker at the 2'-position

of sugar were reported by Yamana and co-workers.'® 2’

-anthraquinone modified
oligonucleotides were found to be excellent electrochemical probes for measuring
long range charge coupling through DNA duplexes.lsg’190 Wagenknecht and co-
worker developed the 2'-pyrene-modified uridine.”" Further, Yamana and co-
workers synthesized 2'-pyrene-modified RNA and demonstrated that the multiple
2'-pyrene-modified RNA duplexes found to have slightly different melting
temperature (Tm) within the range of 0 — 3 °C.* Furthermore, the stability of 2'-
pyrene modified RNA did not significantly change in Tm corresponding to its

1192 and

unmodified RNA. Therefore, fluorophores such as pyrene, dansy
anthraquinone etc. modified at the 2'-position of a nucleoside does not interfere

with base pairing.

Even though internal modifications at the phosphorous-backbone and
various other positions of the nucleobases have been established, these
modifications still have a few drawbacks. These include the need for phosphorus

backbone modification of each new modified nucleoside while modification of the
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nucleobase interferes with the base pairing of the DNA. On the other hand, 2'-
modified nucleosides has interference with base pairing and do not terminate the
synthesis of DNA. A method of synthesis of internally 2'-porphyrin-modified
DNA (Fig 1.14(B)) and aptamer was developed. For this purpose, 5’-hydroxyl
protected with DMT and 2'-amine-modified uridine was employed, and porphyrin

was conjugated at the 2'-position of uridine via an amido linker.
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A) (B)

Figure 1.14 Porphyrin modified DNA. (A) 5'-terminal porphyrin-modified DNA, (B)
internally 2'-porphyrin-modified DNA, X = NH or S.
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1.1.9  The Cancer Target Mucin 1 (MUC1) Glycoprotein

Type 1 transmembrane mucin glycoprotein MUCI is a well known
marker for tumor diagnostics and treatment.”'® MUC1 is expressed at the apical
surfaces of normal ductal, glandular and some haematological lineages of almost
all human epithelia.194 In normal epithelial cells, MUCI are involved in protection
from microorganism, lubrication, adhesion, as well as hydration of cell
surfaces.””>'®®  Furthermore, MUC1 is also known to interact with signal

196

transducing molecules such as erbB and B-catenin. > The extracellular domain of

the MUCI1 consists of a variable number of O-glycosylated multiple tandem

repeats of the 20 amino acid (aa) peptides.197

The tandem repeats is a highly
conserved amino acid sequences (VISAPDTRPAPGSTAPPAHG) as seen in Fig
1.15.1"1% In healthy tissues, MUCI is heavily-glycosylated (50 — 90% of its
molecular mass is due to carbohydrates); in neoplastic (tumor) tissues, MUCI is
under-glycosylated."” In cancerous tissues, early termination of the
oligosaccharide chains of MUCI proteins occurs by the addition sialic acids, which

195,200

results in under-glycosylated truncated sequences. The tumor associated

under-glycosylated MUCI1 antigen (uMUCI1) is overexpressed on epithelial cell
surfaces of many human tumors, including > 90% of human breast,zm’zo2
ovarian,203 pancreatic,zo‘*’205 lung,m6 gastric,207 colorectal, prostate cancer as well as

hematological malignancies. 193,202,208,209

The under-glycosylation permits the
immune system access the peptide core of the tumor associated uMUCT1 antigen,
and exposed this antigen to immune recognition.m) However, in normal cells this

antigen is masked due to heavy glycosylation of protein. Cancer affected MUCI is

known to be poorly glycosylated compared to mucin from various healthy sources
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such as milk*!"?

and urine.”®> The APDTRPA sequence within the tandem
repeats has been found to be the most immunogenic sequence of MUCI protein,

which responses with almost all anti-MUC1 monoclonal antibodies.'*® However,

majority of anti-MUC1 monoclonal antibodies specifically allocated to the PDTR

214,215

sequences within the tandem repeats.
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Figure 1.15 MUCI1 showing 20 amino acid sequences. Green and orange are tandem repeats in
MUCI. Orange is the most immunogenic sequence within the tandem repeats.197

In breast adenocarcinoma and a number of epithelial tumors, MUC1 is

upregulated with an unusal expression over the epithelia surfaces.'*®*'® The MUC1
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is exceptionally overexpressed on breast cancer cells in an under-glycosylated

form compared to normal tissues,”'® and is therefore a target for cancer therapy.

A model tumor antigen MUCI is overexpressed in a wide range of cancer
cells with variable glycosylation and can be exploited for the characterization and
treatment of various types of cancer cells. By targeting the tumor marker (core
peptide of uMUC1), various types of tumors can be selectively treated. The
aptamers of uMUCI1 have been already developed by Ferreira and co-workers, '
which was discussed in a previous section. This project has developed a method of
the conjugation of uMUC1 aptamer to porphyrin by using solid phase DNA
synthesis. The uMUC1 aptamer-porphyrin conjugate can selectively deliver
porphyrin to a tumor site, and upon irradiation of light of a specific wavelength,
porphyrin can transfer energy to molecular oxygen present in the surrounding
tissue, producing 10,. This is cyto-toxic substance which can selectively destroy
the tumor in PDT. The method and procedures involved in conjugation of uMUC1

aptamer to porphyrin are described in the following section.
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1.2 GOALS AND OBJECTIVES OF THESIS (PART 1)

Porphyrin-based photosensitizers are used as drugs for localized
treatment of tumors in PDT. Current photosensitizers have shown low selectivity
toward tumors and a post-treatment long-term photosensitization effect. The
problems associated with current photosensitizers have spurred researchers to
develop novel types of tumor-targeted photosensitizers. Recently, aptamers: the
RNA, DNA and modified nucleic acids with high binding specificity, have been
employed in drug targeting. MUCI1 is found in epithelia of various types of tissues,
and is known to be overexpressed in an under-glycosylated form in a variety of
tumor tissues. Most recently, the aptamers have been selected through a SELEX
process that binds an under-glycosylated MUC1 tumor marker. The goal of this
project is to develop an efficient method for synthesizing aptamer-porphyrin
conjugates to a MUC!1 tumor marker for targeted PDT. This goal is achieved

through the following objectives.
The main objectives of this project are:

1. To synthesize internally 2'-photosensitizer-modified uridine (5'-hydroxyl
protected with DMT and 3'-hydroxyl free).

2. To develop a method for synthesizing (5'-hydroxyl protected with DMT)
2'-porphyrin-modified 3'-H-phosphonate or phosphoramidite derivatives
that can undérgo solid phase automated DNA synthesis.

3. To conjugate porphyrin to DNA without terminating DNA synthesis.
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The project started with design and synthesis of mono acid functionalized
porphyrin with a single carbon spacer and chosen to conjugate 2'-amino-2'-
deoxyuridne (5'-hydroxyl protected with DMT). To achieve the goal and objectives
of this project various compounds were synthesized and the synthetic procedures

and their results are presented in the following sections.
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1.3 EXPERIMENTAL

This section describes a general method for synthesis, including the
corresponding procedures and equipment used, followed by the procedures for
synthesis of various porphyrins. Next, the synthetic procedure of photosensitizers-
modified uridine, and the 3’-H-phosphonate of 2'-porphyrin-modified uridine will
be described in detail. Finally, the procedure for conjugation of uMUCI aptamer to

the porphyrin and gel analysis of crude product will be described.

1.3.1  General Synthetic Methods

1.3.1.1 Chemicals

Tetrahydrofuran (THF) (Aldrich) was distilled over sodium and
benzophenone. Dichloromethane (VWR) and ethyl acetate (Mallinkcrodt) were
distilled over calcium hydride and stored over 4 A molecular sieves. N, N'-
diisopropylethylamine (DIPEA) (Acros) and pyridine (Sigma) were distilled over
potassium hydroxide. Pyrrole was filtered through basic aluminum oxide just
before use. Silica gel (60-200 mesh) and basic aluminum oxide (60 mesh) (Fischer
Scientific) were used for column chromatography. Pyropheophorbide-a (Fischer
Scientific), boron tribromide (Acros), and n-BuLi (Strem Chemical) were used as
received. All other reagents were bought from Aldrich and used as received.
Diphenylphosphite (Fluka), 1-adamantane carboxylic acid chloride (Acros) and
dT-H-phosphonate (Glen Research) were also used as received. Silica gel TLC

grade 7749 (Aldrich) was used for purifications by Chromatotron. The 2,5-
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bis(phenyl(1H-pyrrol-2-yl)methyl)thiophene was prepared as described in the

literature.”’

1.3.1.2 Instrument

'H NMR spectra were obtained at the operating frequency 90 MHz on an
Eft NMR, at 500 MHz on a Tecmag Nicolet, and at 400 MHz on a BZH 400/52
Bruker spectrometer. 'H NMR spectra were referenced to an internal TMS
standard. °C NMR spectra were recorded at 22.5 and 166 MHz. TheA BC NMR
spectra were referenced to CDClj. 3p NMR were recorded at 162 MHz and
referenced to an external 85% H;PQ,4. Mass spectra were obtained from JEOL MS
and Thermo Feningan LCQ positive ion trap. UV-vis spectra were collected with
an Ocean Optics USB 2000 Spectrometer. The synthesis of oligonucleotide was
performed on a Beckman Oligo 1000 DNA synthesizer, using cyanoethyl-
phosphoramidite chemistry. DNA synthesis columns (empty) were from Applied
Biosystems. The phosphoramidite of all four bases (Transgenomic) were dissolved
in anhydrous acetonitrile with 3 A molecular sieves and attached directly to the
DNA synthesizer. The synthesizer was operated under an atmosphere of helium
gas (99.99% pure). DNA (12-mer) was synthesized in Beckman Oligo 1000 DNA
synthesizer and the DNAs (19-mer and 31-mer) with CPG were from Biosynthesis.
Orbital Shaker was from Mandel Technology Group (Ontario, Canada). HP
Scanjet 4800 series Photo Scanner (Hewlett-Packard Company, Houston, TX) was
used for gel scan. Chromatotron was from Harrison Research (Model 7924T, Ser.
no Q13, USA). Photon Technology International (PTI) fluorimeter with 814

photomultiplier detection system was used in excitation and emission study of gel.
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1.3.2  Synthesis of Monocarboxy Porphyrin.

(a) Synthesis of 5-(4-hydroxyphenyl)-10,15,20-triphenylporphyrin (1)
4-Hydroxybenzaldehyde (244 mg, 2 mmol) was dissolved in CH,Cl,,
added to silica (1.7 g), and stirred until CH,Cl, was completely evaporated.
Subsequently, benzaldehyde (212 mg, 2 mmol) was added to the silica. Next,
pyrrole (1.3 mL, 4 mmol) was added to silica (11 g). The samples were combined
and heated in a conventional microwave for 10 min (5 x 2 min). The mixture was
heated for 2 min, cooled down for 5 min and again heated. This process was
repeated for 5 times. The black mass formed was extracted with CH,Cl; in a
Soxhlet extractor. The crude material was separated on a silica column eluting with
CH,Cl,. The second fraction obtained from the column was further purified by
Chromatotron using ethyl acetate/hexanes (1:4). After the removal of solvent, a
purple solid was obtained (5 mg, 0.9%). 'H NMR (500 MHz, CDCls): 6 - 2.82 (s,
2H), 5.00 (s, 1H), 7.15 (d, 2H, J = 10 Hz), 7.75-7.69 (m, 9H), 8.03 (d, 2H, J = 10

Hz), 8.17 (d, 4H, J = 5 Hz), 8.80 (s, 6H), 8.83 (d, 4H, J = 5 Hz).

(b) Synthesis of ethyl-5-(4-carboxylatomethyloxyphenyl)-10,15,20-

triphenylporphyrin (2)

Compound 1 (30 mg, 0.047 mmol) was dried in vacuo in a 100 mL flask
and flushed with nitrogen. Potassium carbonate (315 mg, 0.704 mmol) and
potassium iodide (44 mg, 0.261 mmol) were added to the flask and it was fitted
with a rubber septum and flushed with nitrogen. DMF (1.5 mL) and CH,Cl, (4

mL) were added. 2-Chloroethyl acetate (100 pL, 0.704 mmol) was injected into the
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flask under nitrogen, the flask was fitted with a condenser, and refluxed for 5 h.
The solvent was removed in vacuo. After removal of DMF, the reaction mixture
was extracted with CH,Cl, and washed with water several times, dried over
MgSOy, and the solvent evaporated to yield a purple solid (32.3 mg, 97.8%). 'H
NMR (500 MHz, CDCls): & -2.79 (s, 2H), 4.4 (q, 2H), 4.91 (s, 2H), 7.29 (d, 2H, J
= 10 Hz), 7.48 (t, 3H), 7.7 (m, 9H), 8.13 (d, 2H, J = 10 Hz), 8.2 (d, 6H, J = 10

Hz), 8.83 (s, 6H).

(e) Synthesis of 5-(4-carboxylatomethyloxyphenyl)-10,15,20-

triphenylporphyrin (3)

Compound 2 (50 mg, 0.069 mmol) was added to a flask followed by 10%
potassium hydroxide in 1:1 ethanol: water (30 mL) and refluxed for 18 h. The
mixture was cooled to room temperature and diluted with water (10 mL). HCl
(0.1M) was added gradually with a dropper until the reaction mixture changed to
neutral. Subsequently, CH,Cl, was added and the organic layer was separated,
washed with water, and dried with MgSQ4. After evaporation of the solvent, a
purple solid was obtained (33 mg, 69.4%). '"H NMR (500 MHz, CDCl5) : & -2.78
(s, 2H), 5.0 (s, 1H), 7.33-7.35 (m, 10H), 7.36 (s, 2H), 7.73-7.76 (m, 7TH), 8.15 (d,

2H, J =5 Hz), 8.82 (d, 4H, J = 5 Hz), 8.84 (s, 6H).
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1.3.3  Aminouridine Porphyrin Coupling Reactions

(a) Synthesis of Aminouridine-Porphyrin Conjugate (4)
5-(4—Carboxylatomethoxyphenyl)-10,15,20-tﬁphenylpomhyﬁn 3 ds
mg, 0.018 mmol), 21 (9 mg, 0.018 mmol), EDCI (4.8 mg, 0.027 mmol) and
DMAP (< 1 mg) were added to a 25 mL flask. The flask was fitted with rubber
septum and flushed with nitrogen. The reaction mixture was dissolved in dry
CH,Cl, and stirred at room temperature for 12 h. After the consumption of
compound 3, the reaction mixture was washed with water (10 mL x 3) and dried
over MgSQO,. The crude product was purified in a silica column by eluting with
CH,Cl,/diethyl ether (1:4). After evaporation of solvent, the second fraction was a
purple solid (6 mg, 33.3%). Further purification was obtained by repeated
recrystalization in ethyl acetate/hexanes. The cvrystals were dissolved in benzene
and dried in vacuo. The UV-vis spectrum showed the absorption at 260 nm, 415
nm (Soret band), and at 511, 548, 588 and 644 nm (Q bands)). 'H NMR (500 MHz,
CDCls): 6 -2.79 (s, 2H), 2.33 (s, 1H), 3.47 (s, 2H), 3.79 (s, 6H), 4.25 (s, 1H), 4.63
(d, 1H, J = 5 Hz), 4.81-4.83 (m, 2H), 5.53 (d, 1H, J =5 Hz), 6.26 (d, IHJ =10
Hz), 6.87 (d, 4H, J = 10 Hz), 7.31-7.33 (m, 8H), 7.43 (d, 2H, J = 10 Hz), 7.62 (d,
1H, J =5 Hz), 7.71-7.78 .(m, 10H), 8.07 (s, 1H), 8.18 (d, 1H, J =5 Hz), 8.21 (d,
8H, J = 10 Hz), 8.85 (s, 8H). °C NMR (100 MHz, CDCl3): 169.22, 162.53,
158.79, 158.94, 150.82, 144.07, 142.14, 139.94, 136.30, 135.76, 135.20, 135.07,
130.12, 129.34, 128.17, 128.11, 127.73, 127.24, 126.69, 120.19, 119.23, 113.41,

113.15, 103.36, 102.97, 102.92, 87.31, 86.79, 85.58, 77.33, 77.01, 76.69, 67.57,
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63.59, 56.35, 55.27, 55.23, 53.40. The calculated mass was 1216.34 and the

observed mass 1216.98.

b) Synthesis of Aminouridine-Dithiaporphyrin Conjugate (5)

To compound 18 (3 mg, 0.004 mmol), 21 (2 mg, 0.004 mmol), EDCI (1
mg, 0.005 mmol) and DMAP (<1 mg) were added in a 10 mL flask, and it was
gently flushed with nitrogen. The reaction mixture was dissolved in dry CH,Cl,
(1mL) and stirred at room temperature for 12 h. After the complete consumption of
18, the reaction mixture was washed with water (10 mL x 3) and dried over
MgSO,. The solvent was evaporated in vacuo with benzene. An orange solid was
obtained (3 mg, 60.0%). UV-vis (260 nm, 434 nm (Soret band), at 511, 542, 634
and 691 nm (Q bands). "H NMR (500 MHz, CDCls): & 3.45 (s, 2H), 3.79 (s, 6H),
4.21 (s, 1H), 4.57 (br s, 1H), 4.82 (m, 3H), 5.52 (d, 1H, J = 10 Hz), 6.24 (d, 1H, 10
Hz), 6.86 (d, 4H, J = 10 Hz), 7.4-7.2 (m, 10H), 7.61 (d, 1H, J =5Hz), 7.7 (d, 1H),
7.8 (m, 9H), 8.2-8.1 (m, 8H), 8.49 (s, 1H), 8.6 (m, 4H), 9.68 (s, 4H). The

calculated mass was 1250.44 and the observed mass 1250.38.

(c) Synthesis of 2'-pyropheophorbide-a-Modified Uridine (6)
Pyropheophorbide-a (15 mg, 0.028 mmol) and 2'-amino-2’-deoxyuridine
(22.9 mg, 0.042 mmol), EDCI (6.3 mg, 0.033 mmol) and DMAP (0.343 mg,
0.0028 mmol) were dissolved in CHxCl, (5 mL) and stirred at room temperature
for 12 h. The progress of reaction was monitored by TLC, and after the cbmplete
consumption of pyropheophorbide-a, the crude product was diluted with CH,CI,

(10 mL) and washed with water (3 mL x 4) and dried over MgSQ,. Solvent was
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removed in a rotary evaporator. The crude product was then purified in a silica
column using 5% MeOH/ethyl acetate. The first faint band was discarded, the
second major dark band was collected, the solvent was evaporated and the product
was dried in vacuo. A dark green solid was obtained (28 mg, 78.4% yield). UV-vis
(260 nm, 415 (Soret band), 501, 534, 605, 666 (Q bands). '"H NMR (400 MHz,
CDCl3): 8 -1.52 (s, 2H), 1.37-1.33 (t, 3H), 1.78-1.70 (m, SH), 2.57-2.52 (m, 2H),
3.16-3.12 (m, 1H), 3.25 (s, 3H), 3.38 (s, 1H), 3.42 (s, 3H), 3.76 (s, 6H), 4.21-4.17
(m, 2H), 4.38 (d, 1H, J =4 Hz), 4.58-4.56 (q, 1H), 4.76-4.74 (q, 1H), 4.86 (d, 1H,
J=20Hz), 5.36 (d, 1H, J =20 Hz), 5.56 (d, 1H, /= 8 Hz), 6.22 (d, 1H, / = 8 Hz),
6.31-6.29 (m, 1H), 6.36 (s, 1H), 6.84-6.82 (dd, 4H), 7.23 (d, 2H, J = 20 Hz), 7.31-
7.28 (m, 6H), 7.42-7.40 (d, 2H, J =8 Hz), 7.68 (d, 1H, J=8 Hz), 7.98 (d, 1H, J =
8 Hz), 8.03 (d, 1H, J = 8 Hz), 8.50 (s, 1H), 9.34 (s, 1H), 9.98 (s, 1H). °C NMR
(400 MHz, CDCl3): & 197.54, 174.26, 172.43, 163.71, 160.63, 158.84, 155.60,
151.99, 150.40, 148.80, 145.30, 144.39, 142.09, 140.15, 136.72, 135.56, 135.42,
135.37, 132.04, 130.35, 129.39, 128.41, 128.235, 127.26, 127.06, 122.71, 105.56,
103.45, 97.08, 93.15, 87.23, 86.10, 85.78, 72.16, 64.10, 57.14, 55.39, 52.04, 49.98,
47.72, 34.16, 31.56, 22.96, 19.04, 17.32, 14.40, 12.31, 11.45, 10.05. The calculated

mass was 1062.22 and mass observed 1062.20.
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1.3.4  Synthesis of Internally 2'-Porphyrin-Modified 3'-H-phosphonate Salt

of Uridine

(@ Synthesis of 2’-Porphyrin-Modified 3'-H-phosphonate Salt of

Uridine (7)

Compound 4 (20 mg, 0.016 mmol) was dissolved in pyridine (0.5 mL)
under nitrogen. Diphenylphosphite (30 pL, 0.192 mmol) was added gradually with
a syringe and stirred at room temperature for 30 min. The progress of the reaction
was monitored by TLC (1:1 ethyl acetate/MeOH). Subsequently, Ets;N/H,0O (1:1, 1
mL) was added and stirred under nitrogen for 30 min. The reaction mixture was
evaporated in a rotary evaporator to dryness, and the residue was dissolved in
CH,Cl, (10 mL), and washed with 5% NaHCOj3 (2 mL x 2). The CH,Cl, layer was
dried over MgSOs. The solvent was evaporated and the solid residue was dissolved
in a minimum quantity of CH,Cl, and precipitated with 1:1 (diethyl ether/hexane).
The precipitate was filtered, washed with 1:1 (diethyl ether/hexane), and the
precipitate was collected by adding CH,Cl,. The solvent was evaporated again and
the purple solid was dried in vacuo overnight. The dry purple solid weighed (16

mg, 72.3%). 3'p NMR, 'H NMR, and mass were as reported previously.217

(b) Synthesis of 2’'-Dithiaporphyrin 3'-H-phosphonate Salt of Uridine (8)
Compound 5 (10 mg, 0.008 mmol) was vacuum dried and dissolved in

pyridine (1 mL) under nitrogen. Subsequently, diphenylphosphite (38 uL, 0.158
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mmol) was added to the solution of compound 5 and stirred for 30 min. To this
reaction mixture, Ei;N/H,O (1:1, 1 mL) was added, and the mixture was stirred
under nitrogen for 20 min. The solvent was removed in a rotary evaporator and the
crude solid was dissolved in CH;Cl, (5 mL). Then, it was washed with 5%
NaHCO; (2 mL x 2). Next, CH,Cl, was evaporated in the rotary evaporator.
Orange solid was dissolved in minimum quantity of CH,Cl, and precipitated with
diethyl ether/hexane (1:1). After the overnight drying in vacuo, the precipitate was
weighed (8 mg, yield 72.1%). '"H NMR (400 MHz, CDCly): § 1.26-1.22 (t, 9H),
1.35 (d, 1H, J = 8 Hz), 3.01-3.95 (q, 6H), 3.48-3.45 (m, 1H), 3.56 (m, 1H), 3.73 (s,
6H), 4.52 (t, 1H), 4.78 (s, 2H), 5.05-5.01 (m, 1H), 5.17-5.13 (m, 1H), 5.39 (d, 1H,
J = 8 Hz), 6.28 (s, 1H), 6.47 (d, 1H, J = 8 Hz) 7.26 (s, 6H), 7.33-7.29 (m, 6H),
7.81-7.79 (m, 11H), 7.84 (d, 1H, J = 8 Hz), 8.17 (d, 2H, J = 8 Hz), 8.24-8.22 (m,
7H), 8.29 (d, 1H, J = 8 Hz), 8.70-8.67 (m, 4H), 6.69-9.67 (m, 4H), 9.73 (d, 1H, J =
4 Hz), 12.00 (s, 1H); C'P NMR (162 MHz, CDCls) Proton coupled 3p 4.44 (Jpy =
626.94 Hz) and dp.y 4.38 ( Jpu = 628.56 Hz) and the proton decoupled 3, 4.41.
The calculated mass for an anion C76H59N5011PSZ_ was 1313.41 and observed

mass for an anion C76H59N5011P52_ 1313.90.

1.3.5  Synthesis of uMUC1 Aptamer- Porphyrin Conjugate (24)

First, the DMT moiety was removed from a CPG attached 31-mer
uMUCT1 aptamer (5' HO-GCTCAAGCAGTTGATCCTTTGGATACCCTGG-CPG

3") (600 nmol) in column using 2% dichloroacetic acid (DCA) in CH,Cl; in a DNA
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synthesizer. Next, the column was rinsed with pyridine/acetonitrile (1:1) (1 mL).
The 3'-H-phosphonate salt 7 (5 mg, 0.003 mmol) was dissolved in
pyridine/acetonitrile (1:1, 200 pL). Subsequently, the 1-adamantyl carboxylic acid
chloride (10 pL, 0.1M) was mixed with the 3'-H-phosphonate salt 7 of 2'-
porphyrin modified uridine solution. Immediately, after activation, the 3'-H-
phosphonate salt of 2'-porphyrin-modified uridine was injected with a syringe into
the column with the 5’-hydroxyl free 31-mer uMUCI1 aptamer. It was allowed to
react for 20 — 25 min by circulating the reaction mixture in and out carefully of the
column using two syringes. This column was manually rinsed with
pyridine/acetonitrile (1:1, 2 mL) followed by CH,Cl,. Afterwards, the column was
washed thoroughly with CH,Cl;, in a DNA synthesizer to remove unreacted 3’-H-
phosphonate derivative of 2'-porphyrin-modified uridine. The CPG-attached
uMUCI aptamer-porphyrin conjugate was injected with NH4OH (1 mL), and left
to precipitate in the refrigerator ovemight. Next day, NH,OH was collected, and
again the column was rinsed with NH4OH (2 mL). The diluted uMUC1 aptamer-
porphyrin conjugate showed absorbance for porphyrin at 415 nm (Agps = 0.03) in
UV-vis spectrum. The ammonia solution of conjugate was incubated at 55 °C for
3 h. Subsequently, NH4OH was evaporated in a speed vacuum. The purple residue
6btained was resuspended in water (1.2 mlL). The UV-vis spectrum of water

soluble product showed the porphyrin Soret band at 415 nm.
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1.3.5.1 Precipitation of uMUC1 Aptamer-Porphyrin Conjugate (24)

The crude product uMUCI aptamer-porphyrin conjugate solution (60 pL)
was taken in two different microcentrifuge tubes. Sodium acetate (6 pL) (3M
1/10™ of crude product sample) and ethanol (1.25 mL) were added respectively in
each microcentrifuge tube. Afterwards, the tubes were left inside the freezer
overnight. Then, the product was centrifuged at 14,000 rpm for 5 min to form a
pellet, and the pellet was dried in a speed vacuum followed by the resuspension in

water (500 uL).

1.3.5.2 Gel Analysis of uMUC1 Aptamer-Porphyrin Conjugate (24)

Acrylamide gel 25 mL (16%) was prepared by mixing 28% Bis-
acrylamide (14.3 mL), 10 x Tris-Borate-EDTA (TBE) buffer of pH 8.1 — 8.3 (2.5
mL), glycerol (2.5 mL), and freshly prepared ammonium persulfate (1.6% (w/v),
1.63 mL). The total volume was adjusted to 25 mL and a cataiytic amount TEMED
(20 pL) was added prior to pouring the gel. After, the gel was poured, it was
allowed to polymerize for at least one hour before loading sample. Gel loading
indicator solution (Blue Juice™) 1/10™ of sample volume was added to the
resuspended product 24 in water after precipitation with ethanol without further
concentration. Lane 1 was loaded with ladder DNA (5 uL) and the compound 24
sample (20 pL) was loaded in lane 2 of gel by using micropipette. The gel was run
at 150 V for 10 h using a Hoeffer MiniVE, vertical electrophoresis mini gel

system. Stains-All 100 mL was prepared by mixing Stains-Al™ of 0.005% (w/v),
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formamide of 10% (v/v), isopropanol of 25% (v/v), trizma HCI (pH 8.8, 15 mL)
and nanopure water 65% (v/v). Then, the gel was stained in Stains-All overnight
with continuous shaking in Orbital Shaker. Afterwards, the gel was exposed to air,
washed with water, and scanned in HP-Scanjet 4800 series Photo Scanner with
resolution of 3600 dpi (Fig 1.19(A)). Two bands were visible in lane 2. The first
dark band and a second faint band were sliced into small pieces by razor blade
(sterilized in Bunsen flame) and used for fluorescence study. The fast moving dark
band did not show any fluorescence emission for porphyrin. The second faint band
when excited at 410 nm showed an emission spectrum for porphyrin at 648 nm.
The band that showed an emission spectrum was cut and crushed into pieces by the
razor blade. Subsequently, pieces of gel were soaked into 2 mL crush and soak
solution (3M NaCl) in a microcentrifuge tube, and vortexed overnight at room
temperature. After vortexing, liquid was transferred into a Nanosep column and
spun at 13,200 rpm for 3 min, and the supernant was collected and transferred to
another Nanosep MW (3 kD) and was spun at 6000 rpm until the volume was
decreased to 100 puL. Then, the total volume was diluted to 1000 uL and the
emission of porphyrin was measured in a fluorimeter but no emission was
observed. The crushed gel was transferred into the cuvette, and excited at 410 nm
in fluorimeter. The emission spectrum at 648 nm for porphyrin was observed in

crushed gel.
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14 RESULTS AND DISCUSSION

In this section, the results of synthesis of three different types of
photosensitizer-nucleoside monomers are described, followed by a discussion of
the synthesis of 3'-H-phosphonate derivatives of 2'-porphyrin-modified uridine.
Next, the discussion of the synthesis of photosensitizer-oligonucleotide conjugate
by using phosphoramidite chemistry, and why it was switched to H-phosphonate
method will be described. Synthesis of 3'-H-phosphonate derivative followed by
conjugation of 2'-porphyrin-modified 3’-H-phosphonate derivative to a solid
support attached oligonucleotide, and the results will be discussed. Finally, benefits
of internal modification will be described in brief prior to the result and discussion

of synthesis of uMUCI1 aptamer-porphyrin conjugates.

14.1 Synthesis of Photosensitizer-Nucleoside Monomers

Carboxylic acid functionalized porphyrin 3 was synthesized by modifying
a literature procedure218 as shown in Scheme 1.1. Aid functionalized porphyrin 3
efficiently coupled with 2'-amino-2'-deoxyuridine minimizing side products. A
one-step microwave synthesis of 5-(4-hydroxyphenyl)-10,15,20 triphenyl
porphyrin 1 was successfully carried out by modifying the literature procedure.'?
A microwave synthesis was preferred over the stepwise synthesis of porphyrin 1,
which is expensive and time consuming. Benzaldehyde and

p-hydroxybenzaldehyde (3:1 mole ratio) resulted in major product

tetraphenylporphyrin. Benzaldehyde and p-hydroxybenzaldehyde 1:1 resulted in

53



0.9% yield of 1, and minimized the formation of the tetraphenylporphyrin. In the
first trial purification, a Cromatotron was used to purify 1, but later purification of
1 was easily obtained by using CH,Cl, and a silica column. The second band from
the column was collected, and after evaporation of CH,Cl,, the purple solid
obtained was 1 and showed impurities on TLC. Compound 1 along with the
impurities that came off from the column purification were dried overnight in
vacuo. These impurities were found to be very soluble in methanol while 1 is
insoluble in methanol. Thus, impurities were washed with methanol until 1 showed
a single spot in TLC. Purified 1 was obtained in 0.9 — 1% yield. Afterwards,
compounds and 3 were synthesized by the modification of the literature
procedures.*'® Synthesis of compound 2 required reflux at a high temperature (150
°C), and the synthesis of compound 3 needed careful neutralization of the reaction
mixture before purification. Very dilute HCl (0.1M) was used with constant pH
checks while reaction mixture was neutralized. Loss of the product resulted when
excess of acid was added. The purified compound 3 was obtained in 55 — 70%

yield.
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Scheme 1.1

yield 0.9 %
ii)
i)
iv)
v)
B S
3 0 2 0
. OH 0,
yield 70% 2( yield 97.8% %F ~—

Scheme 1.1 Synthesis of mono acid functionalized porphyrin. i) Microwave 10 min, ii)
KI/K,CO;, iii) DMF/CH,Cl,, iv) CICH,COOGC,Hs, v) 10% KOH (ethanol/water 1:1), 16 h
reflux.
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14.1.1 2'-Amino-2'-doxyuridine (5'-Hydroxyl Protected with DMT)

The 5-DMT protected 2'-amino-2'-deoxyuridine 21 was synthesized
following the literature procedure'® as shown in Appendix B (details in

Appendix).

1.4.1.2 2'-Porphyrin-Modified Uridine

Compound 4 was synthesized by EDCI coupling in a 33.3% yield, as
shown in Scheme 1.2. Column purification was used to separate a large amount of
side product that formed and excess of mono acid functionalized porphyrin.
Diethyl ether/CH,Cl, (1:4) separated compound 4 on a silica column very well.
The mass of 4 showed a molecular ion peak at 1279.31 along with molecular ion
peaks at 1280.32 and 1281.32 for possible isotopes of the compound. The UV-vis
spectra of different porphyrin conjugated to aminouridine are shown in Fig 1.15.
The conjugated product 4 showed a) absorption at 260 nm for uridine, b) intense

Soret band at 415 nm and Q bands at 511, 548, 588, and 644 nm for porphyrin.
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Scheme 1.2

yield 33.3%

Scheme 1.2 Synthesis of 2'-porphyrin-modified uridine. i) EDCI/DMAP, CH,Cl,

1.4.1.3 2'-Dithiaporphyrin-Modified Uridine

Dithiaporphyrins are potential photosensitizers for PDT since they
produce enough singlet oxygen and absorb in near infrared.®” This project worked
on synthesis of dithiaporphyrin-modified uridine which can be conjugated to

aptamer. Compound 5§ was synthesized from 18 and 21 by the EDCI coupling
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method, and the purified product was obtained in 60% yield as shown in Scheme
1.3. Dithia core-modified porphyrins are known to absorb at longer wavelengths of
light as compared to typical porphyrin.“’67 Mono acid functionalized dithia core-
modified porphyrin was synthesized using a stepwise method by following the

modifications of literature procedure67 as shown in appendix A.

Compound 9 [4-methoxy-phenyl-1-hydroxymethyl]thiophene  was
synthesized from thiophene (Appendix A). The hydroxyl group of [4-methoxy
phenyl-1-hydroxymethyl]thiophene was protected with TBDMS, compound 10
(detail in Appendix A). Compound 11 was synthesized from compound 10 and
from benzaldehyde (detail in Appendix A). Unsymmetrical diol 2-(1-(4-
methoxyphenyl)-1-hydroxymethyl]-5-(1-phenyl-1-hydroxymethyl)thiophene 12
was  synthesized from compound 11  ((tert-butyldimethylsilyloxy)(4-
- thoxyphenyl)methyl)thiophene-2-yl)(phenyl)methanol by removal of TBDMS
protecting group (detail in appendix A). Symmetrical diol 13 was synthesized from
thiophene and benzaldehyde (detail in Appendix A). After the synthesis of
symmetrical diol, it was converted to half core-modified porphyriﬁ 14 (Appendix
A). Synthesis of dithia-core-modified-mono-methoxy functionalized porphyrin 15
was synthesized from compound 14 and compound 12 (as described in Appendix
A). Compound 16, compound 17, and compound 18 were synthesized (detail in

Appendix A) by following the literature procedure.67

Compound 5 was synthesized from compound 18 and compound 21 by
EDCI coupling as shown in Scheme 1.3. Compound 5§ was purified by using a

silica column as in compound 4. The purified 2'-dithiaporphyrin-uridine conjugate
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was prepared in 60% yield. The UV-vis spectrum (Fig 1.16 green trace) of
compound 5 showed a Soret band at 434 nm, and Q bands at 511, 542, 633, and
691 nm, indicating longer wavelength absorbance for dithiaporphyrin. A mass
spectrum of 5 showed a molecular ion peak at 1250.38, along with possible isotope
peaks at 1251.39, 1252.39, 1253.39, and 1254.39 (mass spectrum is not shown

here).

Scheme 1.3

0
0 fLNH
DMTO o N,&O

NH

|
o NAO

k ? i) OHHN__O
—_—

DMTO

yield 60%

Scheme 1.3 Synthesis of 2'-dithiaporphyrin-modified uridine. i) EDCI/DMAP, CH,Cl/12 h at
room temperature.

59



1.4.1.4 2'-Pyropheophorbide-a-Modified Uridine

Commercially available pyropheophorbide-a was conjugated with 21 by
EDCI coupling, as shown in Scheme 1.4. Purification of compound 6 was
successfully carried out in a silica column using the same solvent as for compound
4, and exposure to light was minimized during purification. The purified product 6
was dark green, formed in 78.4% yield. Upon exposure to light, 6 decomposed,

and TLC of the purified product showed new spots.

Scheme 1.4

=}

i) OH HN
———#

L) fMToko-g:iHo | kf? {

Pyropheophorbide-a

6
yield 78.4%

Scheme 1.4 Synthesis of 2'-pyropheophorbide-a-modified uridine. i) EDCI/DMAP,
CH,Cl,/12 h at room temperature.
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UV-vis spectrum of conjugate 6 (Fig 1.16 blue trace) showed absorption
at 260, 415 (Soret band), 501, 534, 605, and 666 nm (Q bands). The UV-vis
spectra showed minimal absorbance for uridine at 260 nm and an intense Soret
band for porphyrin in all conjugates. A mass spectrum of 6 showed a molecular ion
peak at 1062.20 which is equivalent to the calculated mass. The molecular ion
peaks for possible isotopes of compound 6 at 1061.20, 1063.20, and 1064.20 also

appeared in the spectrum.

1.0 7

0.8 4

Absorbance
Absorbance

250 350 450 550 650 750 450 500 550 600 650 700 750 800
Wavelength(nm) Wavelength{nm)

Figure 1.16 UV-vis of 2'-photosensitizers-modified uridine in CH,Cl,. a - 2'-
pyropheophorbide-a, b — 2'-porphyrin, ¢ — 2'-dithiaporphyrin.
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1.4.2  Synthesis of Photosensitizer-Nucleic Acid Conjugates

Internally 2'-photosensitizers-modified nucleosides, as shown
earlier in this section, have 5-hydroxyl protected with DMT and 3'-hydroxyl free.
The 3'-hydroxyl of these nucleosides can be converted into 3'-phosphoramidite or
3'-H-phosphonate derivatives which can be undertaken in a solid phase automated
DNA cycle. Thus, the first attempt was to synthesize the 3'-phosphoramidite

derivative of compound 4, as described next.

1.4.2.1 Phosphoramidite Chemistry

Synthesis of porphyrin-DNA conjugates most commonly uses
phosphoramidite chemistry. The synthesis of phosphoramidite of compound 4 was
attempted a few times, as in Scheme 1.5. The formation of compound 22 (step i)
was monitored by TLC. The starting compound 4 changed to a new compound
with higher Ry than compound 4. However, purification of the product 22 was
found to be challenging and was not achieved. Excess DIPEA added was removed
in vacuo before the coupling (step ii). Phosphoramidite 22, on exposure to air
changed to a more polar compound as observed in TLC. The coupling of crude
phosphoramidite with DMT off 12-mer DNA (3' CPG-GAAGGGCCCTTG-OH 5")
attached to CPG (step iii) was performed in a DNA synthesizer as well as in a
separate flask. Iodination (step iv) was continued in the DNA synthesizer. Then,
the DNA was removed from CPG (step v), and the deprotection of B-cyanoethyl

group was performed by incubation at 55 °C for 2 h. After a butanol wash and
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drying over a speed vacuum, compound 23 was found to be slightly purple. The
compound 23 was dissolved in water for HPLC analysis. The HPLC did not show
a peak in a chromatogram for Soret band at 417 nm of porphyrin but there was an
intense peak for uncoupled DNA at 260 nm. It was expected that the crude product
would have interfered in coupling, or the concentration of phosphoramidite 22 was
too low to yield compound 23. If was also expected that a very small amount of
compound 23 had coupled since the slightly purple color of porphyrin was
observed after cleavage of CPG and speed vacuum drying. The repeated
experiment after cleavage from CPG was followed by UV-vis absorption. The UV-
vis spectrum did not reveal any absorption for porphyrin at 417 nm. The remaining
crude product after exposure to air was found to have a lower Ry than compound
23. Then, an attempt was made to separate the crude product in a silica column, but
the product after the column showed a few different Ry spots in the TLC. Since
unreacted starting material was present in the crude product, NMR was not helpful

to analyze the product.

The 3'-H-phosphonate derivatives of the compound 4 is another route of
synthesis of porphyrin-modified DNAs on solid phase support. This project has
synthesized the 3'-H-phosphonate derivative of compound 4, in order to use it in an

automated DNA synthesis cycle.
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Scheme 1.5
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Scheme 1.5 Solid phase synthesis of porphyrin-DNA conjugate by using 3’-phosphoramidite
of 2'-porphyrin-modified uridine. i) DIPEA/ethyl acetate, ii) ETT/tetrazole, iii) CPG-
3'GAAGGGCCCTTG-0OH 5/, iv) L/pyridine/H,0 (trace), v) 30% NH4,OH 12 h at 4 °C.
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1.4.2.2 3'-H-phosphonate Chemistry

Since phosphoramidite 22 was prone to oxidation, it was challenging to
conjugate porphyrin with DNA. An alternative for phosphoramidite is 3'-H-
phosphonate method. The coupling efficiency of H-phosphonate monoester to
diester is known to be high and is more stable compared to corresponding

53,22 . 22
133220 and can be recovered after experiment. !

phosphoramidite derivative;
Therefore, the 3'-H-phosphonate method was chosen to accomplish the coupling of
DNA with 2'-porphyrin-modified 3'-H-phosphonate salt of uridine as described in
reference.”!” The 3'-H-phosphonate salt 7 was synthesized as in Scheme 1.6. The
conversion of compound 4 to 7 was monitored by TLC and the appearance of a
new spot with lower Ry than the compound 4 and disappearance of compound 4
was an indication of formation of an intermediate product. Further identification of
the intermediate was not carried out at this step and was converted to salt form
compound 7 by addition of triethylamine/water (1:1) as mentioned in literature.?*!
TLC of the salt form of compound 7 did not show any change in Ry compared to
intermediate compound. After work up (detail in experimental section), the product
was precipitated with diethyl ether/hexane (1:1). Excess diphenylphosphite 8-10
equiv) was added in order to achieve complete conversion of starting compound to
4. More than 30 min reaction time did not result in a high yield of product. Rather
it resulted in oxidation of H-phosphonate which was disadvantageous. 'H NMR of
the oxidized product did not show a peak for proton at 3 12 ppm. After synthesis,

crude product was precipitated by diethyl ether/hexane (1:1) and after vacuum

drying, the product was directly used in coupling to a CPG attached DNA and

65



aptamer. Further purification of H-phosphonate salt 7 in a silica column destroyed
the properties of 3'-H-phosphonate. After silica column, the purified product
showed a single spot in TLC. Even though the Ry value of product was not
changed before and after silica column, the 'H NMR showed a missing peak at &
12 ppm, and *'P NMR did not show coupled signal of phosphorus with hydrogen
indicating that the product no longer has hydrogen attached to the phosphorus. The
2'-dithiaporphyrin-modified H-phosphonate salt 8 was synthesized as in Scheme
1.6 by following the procedures of compound 7. However, excess of
diphenylphosphite was added in compound 5. Removal of excess

diphenylphosphite was found difficult and it showed up in *'P NMR.
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Scheme 1.6
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Scheme 1.6 Synthesis of 3’-H-phosphonate of 2'-porphyrin-modified uridine. i) Pyridine/30
min at room temperature, ii) Et;N/H,0O (1:1), iii) 20 min at room temperature, X = NH (7), X =
S@®)

3p NMR spectra of compound 8 are as shown in Fig 1.17. Proton
decoupled and proton coupled spectra of compound 8 showed a small amount of
_diphenylphosphite present in the product. The signals at & 1.07 present in proton
decoupled spectrum and 8p 1.08 (8py = 636 Hz) in proton coupled spectrum are

due to diphenylphosphite present in the product. 'H NMR of both compound 7 and
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8 showed peaks for triethylammonium salt at 3 1.32 (t) and 8 3.72 (q) and H-
phosphonate at & 12.00 (s). The 3'-H-phosphonate salt of 6 was also synthesized
following the procedure used for 7 and 8. Formation of 3’-H-phosphonate salt of
compound 6 was monitored by the TLC. 3'p NMR spectra of H-phosphonate salt
of 6 showed signal at dp 4.4 (Jp, y = 640 Hz) and dp 4.34 (Jp, y= 638 Hz) for proton

coupled and at 6p4.37 for decoupled.

4.41
638 6.32
2551 ‘% 244
-0.88
3.05
1.07
[ ' | ! i f | ' | T 7 1 ! | ! | ! f
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0

Figure 1.17 3'p NMR spectra of compound 8 (162 MHz, CDCly). Proton decoupled (black),
and *'P and proton coupled (pink).
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When *'P NMR of 3'-H-phosphonate of compound 6 was integrated, it
was found that diphenylphosphite was four times as compared to 3'-H-phosphonate
salt of compound 6 C'P NMR spectra are not shown here). Excess of
diphenylphosphite present in product decreased the stability of 2'-
pyropheophorbide-a-modified H-phosphonate derivative. A continuous shift in
signals in proton coupled and decoupled P NMR spectra were observed
indicating that 2'-pyropheophorbide-a-modified H-phosphonate salt of compound 6
was not as stable as compound 7 and 8. Finally, after three days of synthesis of
product, only one signal in the proton-coupled P NMR spectrum was observed

suggesting that the product had oxidized.

In a trial experiment, H-phosphonate salt 7 was coupled with a single
guanine nucleoside (3’ CPG-G-OH 5') attached to a solid support. In coupling step,
the H-phosphonate salt 7 (pyridine/acetonitrile 1:1) in the presence of coupling
reagent 1-adamantane carboxylic acid chloride (0.5 equiv of compound 7 in
pyridine/acetonitrile 1:1) was manually injected in a column with solid support
attached DMT-off G (guanine nucleoside). After coupling time (20 min), the
column was washed with pyridine (2 mL) followed by CH,Cl, (10 mL) several
times until the wash showed no absorbance for porphyrin in UV-vis spectra.
Subsequently, a mild deblocking reagent, 2% DCA in CH,Cl, was injected into the
column. The orange color of DMT cation came off from the column indicating that
compound 7 had coupled to guanine nucleoside. After cleavage of solid support
with NH4OH, the UV-vis spectrum in NH,OH solution was checked. The NH,OH

solution showed absorption in UV-vis spectrum only at 260 nm, indicating that
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there was no porphyrin-oligonucleotide conjugate present in NH4OH solution.
However, it was suspected that the number of nucleotides in the conjugate was
only two so the porphyrin conjugated product is more hydrophobic and must be
insoluble in water and NH4OH. Subsequently, the column was washed with
methanol and the UV-vis spectrum of the collected methanol was checked, and it
showed very small absorption for both porphyrin and nucleotides in UV-vis
spectrum (spectrum not shown). Negligible product (dinucleotide-porphyrin
conjugate) had formed and further characterization was not carried out. After
successful result of coupling of H-phosphonate 7 with a single nucleoside, the 19-
mer DNA was coupled with compound 7 and additional three bases were added as

. . 21
described in reference.?!’

1.4.3  Benefits of Internal Modification Approach

Internally modified bases have been commonly used for modifying
DNAs. Such bases, for example a 3'-H-phosphonate of 2'-porphyrin-modified
uridine is as shown in Scheme 1.6, can undergo solid phase automated DNA
synthesis cycle. By using internally 2'-porphyrin-modified nucleosides, the DNA
cycle can be continued and additional commercially available bases, as well as the
2'-porphyrin-modified nucleoside itself can be repeatedly added along the growing
DNA scaffold. In this way, a variety of modifications can be introduced in both
DNA and RNA. Another benefit of an internally modified nucleoside is that the
terminal modification of DNA with an amine and other functional groups prior to

the coupling step is not required. Furthermore, internally modified nucleosides
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undergo solid phase automated synthesis so the purification of product from the
rest of reactant used in synthesis is simplified. In addition modification at the 2'-
position of nucleoside does not disrupt base pairing of DNA (described in internal
modification section). Moreover, another advantage of an internally porphyrin-
modified base is that it can be used to create supramolecular porphyrin arrays on
DNA scaffold by using solid phase synthesis as shown in Fig 1.1(B). The H-
phosphonate derivatives of 2'-porphyrin- and dithiaporphyrin-modified uridine
developed in this research can be efficiently positioned along a DNA strand for the
construction of supramolecular arrays so that their interesting photophysical
properties can be studied. In this project, internally 2'-porphyrin-modified 3'-H-
phosphonate nucleoside has been used to conjugate uMUC1 aptamer to the

porphyrin by using solid phase synthesis.

1.44  uMUCI1 Aptamer-Porphyrin Conjugate

Recently, uMUC1 aptamer was selected for its affinity to bind to the core
peptide APDTRPAPG, which can be expressed in epithelial cells of various cancer
tissues (section 1.1.9). Most recently, Tan and co-workers have conjugated the
TDOS5 aptamer to the Chlorine-e¢s (Ces) photosensitizer by using the 5'-amine
modified aptamer.’’ In their work, TDO5 aptamer-Ces conjugate has shown
specific binding to Ramos cell and its binding efficiency did not decrease after
conjugation with the photosensitizer. At the same time, the properties of the
photosensitizer were also conserved after conjugation with the aptamer.222 In

another work, the same group investigated aptamer-photosensitizer conjugate
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absorbed onto the single-walled cabon nanotubes (SWNT) surface. Afterwards, the
target was applied onto the surface of SWNT, which resulted in significant
increase in fluorescence intensity of conjugate. Their results indicated that
aptamer-photosensitizer conjugate can selectively trigger the target and enhance

the effectiveness of PDT.

In contrast to the synthesis of 5'-photosensitizer-aptamer conjugate as
described in the literature, this project succeeded in conjugating porphyrin to both
2'-position of DNA and uMUCI1 aptamer by using the H-phosphonate approach in
solid phase. In one experiment, 19-mer DNA was conjugated to the porphyrin as
described in reference 217. After successful coupling of 19-mer DNA to the 3'-H-
phosphonate salt 7, the synthesis of uMUCI1 aptamer-porphyrin conjugate was
performed. The 31-mer uMUCI1 aptamer (&) HO-
GCTCAAGCAGTTGATCCTTTGGATACCCTGG-CPG 3') attached to a solid
support (5'-hydroxyl protected with DMT) was bought from Biosystems and was
packed in a DNA synthesis column. Conjugation of uMUCI1 aptamer to 3'-H-
phosphonate salt 7 was carried as shown in Scheme 1.7. After the removal of DMT
from uMUCI1 aptamers, 3'-H-phosphonate salt 7 in pyridine/acetonitrile (1:1) was
activated by 1-adamantane carboxylic acid chloride and immediately coupled to
uMUCI1 aptamers in order to obtain 2'-porphyrin-modified uMUCI1 aptamer 24.
The 3'-H-phosphonate and 1-adamantane carboxylic acid chloride (4:1) in excess
mole ratio was used and the coupling time was increased to 20 min. Typically,
coupling time in automated DNA synthesizer is 1 — 2 min for H-phosphonate but it

was increased in this experiment to increase coupling efficiency of 2'-porphyrin-
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modified H-phosphonate. During the coupling time light was avoided. After
coupling, the column was washed with pyridine and acetonitrile until the
absorption of porphyrin of the last wash was not observed in UV-vis spectrum.
Subsequently, the column was washed by using CH,Cl, in the DNA synthesizer
and the washing was repeated several times in order to confirm that the excess of
porphyrin-modified H-phosphonate 7 was washed from the column. Since
porphyrin is slightly soluble in acetonitrile, washing the column needs either
pyridine or CH,Cl, in order to remove the excess of porphyrin modified 7 used in
synthesis. The solid support of the uMUC1 aptamer was deprotected by using 30%

NH,OH at 4 °C overnight.
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Scheme 1.7

O
NH
N AO

ElLNH DMTO o
DMTO N k j o
| ;o: | if)
—Iﬁ)—> (0] NH

0
|

] .
O H-P=0 Porphyrin
(0 NH—( |
1 0
H-ll’—O Porphyrin '
OI_:IHEt3 GCTCAAGCAGTTGATCCTTTGGATACCCTGG-CPG 3
7
iv)
v)
(0]

(0] NH
0-P=0 Porphyrin
I
9
GCTCAAGCAGTTGATCCTTTGGATACCCTGG-OH 3
24

Scheme 1.7 Synthesis of uMUCI aptamer-porphyrin conjugates. i) Pyridine/acetonitrile (1:1),
ii) l-adamantane carboxylic acid chloride, iii) CPG attached uMUCI1 aptamer, iv) I; in
pyridine/water (trace), and v) 30% NH,OH.

The UV-vis spectrum of collected NH4OH solution showed absorption of
an optical density 0.03 for the Soret band of porphyrin at 421 nm (as shown in Fig
1.18). However, absorption for Q bands and nucleotides were not clearly visible.
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As compared to the 31-mer nucleotide, only one porphyrin unit was conjugated to
the aptamer. Thus, porphyrin absorption was very small in ratio compared to DNA
absorption in the UV-vis spectrum. Conjugate 24 was precipitated by ethanol
precipitation method (detail in experimental section). After precipitation, it was
speed vacuumed and the precipitate was solubilized in water while UV-vis was
checked again. Absorbance for porphyrin Soret band (similar to that shown in Fig
1.18) was observed, indicatihg that a water-soluble uMUC1-porphyrin conjugate

had formed.
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Figure 1.18 UV-vis spectrum of uMUC1 aptamer-porphyrin conjugate 24 in NH,OH,
porphyrin Soret band absorption at Amax 421 nm.
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Further purification of the uMUCI1 aptamer-porphyrin was carried out by
gel electrophoresis. Polyacrylamide gel (16%) was run for uMUC1 aptamer
porphyrin 24 for 10 h at 150 V. After 5 h in Stains-All, the stained gel showed two
visible bands for DNA as shown in Fig 1.19(A) (lane 2). The slow moving band
was cut and the gel was directly scanned in a fluorimeter. Excitation was carried at
410 nm and emission of gel was observed at 648 nm as shown in Fig 1.19(B),
which is similar to the emission of porphyrin (spectrum not shown here). However,
the fast moving band scanned in the fluorimeter did not show any emission for
porphyrin indicating that there is no porphyrin present. The slow moving band
(lane 2 in Fig 1.19(A)) was soaked in crush-and-soak solution (3M NaCl) at room
temperature and vortexed overnight. The solution after filtration through a nanosep
MF column, was spun at 13,200 rpm for 3 min. The supernant collected was
transferred to another nanosep MF of molecular weight (3 kD), and was spun at
6200 rpm until volume decreased to 100 uL. The 50 pL of this was diluted to 1000
uL and emission of porphyrin was checked in fluorimeter but no emission was
observed (spectrum not shown here). However, crushed gel itself showed emission
at 648 nm for porphyrin. Aptamer-porphyrin conjugate was not easily released

from polyacrylamide gel.

The control experiment of the gel without loading any sample was also
performed. The gel was excited at 410 nm, but this gel did not show any emission
(spectrum not shown here). The control experiment of porphyrin was also
performed, and it showed emission at 648 nm similar to that of uMUC1 aptamer-

porphyrin conjugate (spectrum not shown here).
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Figure 1.19 (A) Polyacrylamide gel of the uMUCI1 aptamer-porphyrin conjugates after
scanned in HP Photo Scanner. Lane 1 — ladder DNA and Lane 2 — uMUCI1 aptamer (fast
moving band) and uMUC1 aptamer-porphyrin conjugate (slower moving band) (B)
Fluorescence emission spectrum of gel (lane 2 — slower moving band) excitation at 410 nm
and emission at 648 nm.

From gel analysis, it was observed that coupling efficiency of porphyrin
to uMUCI aptamer was not high. Since coupling efficiency was observed to be

low in gel analysis, it was a challenge to purify compound 24 by HPLC and gel.

1.4.4.1 Applications of Porphyrin-uMUC1 Aptamer Conjugate

An uMUCI is a common tumor marker expressed in various types of
cancer such as breast, bladder, colorectal, prostrate, lung, and gastric (as detailed in

the introductory section). A recent study tested radiolabeled uMUCI target for
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imaging, and the targeted radiotherapy in vitro and in vivo. The study has shown
the high potential of radiolabeled uMUCI1 aptamer to penetrate the solid tumor as
compared to radiolabeled antibodies. The antibodies have poor tumor penetration
and have long circulation time. Thus, photosensitization is still a problem for
antibodies-targeted PDT. Presumably, the uMUC1 aptamer-porphyrin conjugate
could be the most efficient third-generation photosensitizer. Porphyrin uMUCI1
aptamer synthesized in this project has the potential application in treatment of

various tumors in PDT.
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1.5 CONCLUSIONS

Three different types of photosensitizers were successfully conjugated at
the 2'-position of uridine via EDCI coupling. The 3'-H-phosphonate derivative of
the 2'-photosensitizers-modified (5'-hydroxyl protected with DMT) uridine was
synthesized. The 2'-porphyrin-modified 3'-H-phosphonate derivative of uridine
was used in the synthesis of oligonucleotide-porphyrin and aptamer-porphyrin
conjugates. The solid support attached to a 19-mer DNA was conjugated with a 2'-
porphyrin-modified 3'-H-phosphonate derivative of uridine. After the addition of
the 2'-porphyrin-modified 3'-H-phosphonate derivative of uridine, a commercially
available monomer of H-phosphonate derivative of thymidine (dT-H-phosphonate)
was successfully added. The goal of this project was to conjugate aptamer to the
porphyrin by the solid phase automated synthesis. This was achieved by
conjugating an uMUCI1 aptamer to a 2'-porphyrin-modified 3'-H-phosphonate
derivative of uridine, but this resulted in a low coupling efficiency. However,
improving the reaction conditions and repeating the process could increase the

coupling efficiency, and provide a better yield.
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1.6 FUTURE DIRECTIONS

This project offers many opportunities for future research. First, the
project can be continued to develop an appropriate method for purifying aptamer-
porphyrin conjugates. Furthermore, the uMUC1 peptide binding assay with
purified anti-MUC]1 aptamer-porphyrin conjugate will be an interesting area of
research to pursue. In another case, the 2'-dithiaporphyrin-modified 3'-H-
phosphonate derivative of uridine (synthesized in this project) could be utilized for
coupling aptamers of interest. For example, an aptamer-dithiaporphyrin conjugate
could be a more efficient photosensitizer in PDT compared to an aptamer-
porphyrin conjugate; further, the quantum yield of a dithiaporphyrin conjugated
aptamer is also of interest. On another front, the 3’-H-phosphonate derivatives of
2'-porphyrin and 2'-dithiaporphyrin modified uridine can be used in creating both
porphyrin arrays, dithiaporphyrin arrays, or mixed porphyrin and dithiaporphyrin
arrays in the DNA scaffold, and their properties will be a fascinating area of

research to be pursued.
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CHAPTER 2

SYNTHESIS AND STABILITY OF MIXED THIOL/LIPID COATED GOLD
NANOPARTICLES

21  INTRODUCTION

The introductory section of Chapter 2 describes the optical properties of
metal nanoparticles, followed by a description of various types of phospholipids
used in these experiments, including the concept of lipid curvature. A literature
survey on solid-supported lipid bilayers is described in brief. Finally, this section
presents information found in the literature on the stability of gold nanoparticles in

potassium cyanide and iodine solutions.

2.1.1  Metal Nanoparticles

Over the last decade, metal nanoparticles ranging from 1 nm to 100 nm
have received a great deal of attention for their diverse applications in various
fields of science. In particular, colloidal metal nanoparticles are of great interest

11-13

. . « 1- . . - .
because of their use in catalysis, 6 b10-1abe11ng,7 10 sensors, optoelectronics and

15 and magnetic devices.'® Metal nanoparticles can be easily

electronics,
synthesized in the laboratory, and their surfaces can be functionalized with various
types of functional molecules for a variety of applications. These metal
nanoparticles have been shown to exhibit optical and chemical properties that are

different from those of bulk solids of the same kind.'”" Nevertheless, their

electrical properties are typically similar to corresponding bulk metals.”’ In
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particular, optical properties of nanoparticles are usually influenced by the particle

size and shape; these are described in the following section.

2.1.1.1 Optical Properties of Metal Nanoparticles

Metal nanoparticles often exhibit unique optical properties derived from
collective oscillations of conduction electrons upon interaction with
electromagnetic radiation.’’** As shown in Fig 2.1, the electric field of an
incoming light wave causes polarization of the free electrons on the surface of the
nanoparticles, which results in an “electronic cluster” with respect to the heavier
ionic core known as “ionic cluster”. The difference in net charge at the surface of
nanoparticles creates the dipolar oscillations known as Surface Plasmon Resonance

26,27

(SPR). The SPR of metal nanoparticles depends on size,” shape, surface

28-30 1

modification of the particle, and temperature.’
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Figure 2.1 A scheme showing dipole oscillations of electrons in nanoparticle surfaces. (A) An
electric field of an incoming light, (B) polarization of electrons and creation of the ionic and
electronic clusters.

Metal nanoparticles usually show plasmon resonance extinction bands in
the visible region and possess strong colors like that of molecular dyes.”® The
optical properties of nanoparticles can be tuned gradually with particle size and
shape.23’32 Such properties provide nanoparticles’ unique advantages over organic
dye molecules, making nanoparticles more interesting than organic dye molecules.
The molar extinction coefficient of nanoparticles is of the order of 10° - 10° M3
em’ for small particles (< 20 nm) and incréases with increasing particle sizes.” In
particular, 20 nm nanoparticles’ extinction coefficient is 10° M7 em™.2 As the
nanoparticles size increases, the wavelength of SPR related absorption shifts to

longer wavelengths.23’32

For metal nanoparticles with the same composition,
extinction maxima of SPR can also be shifted hundreds of nanometers by changing
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its shape.20 The SPR also depends on the surface properties of the nanoparticle.

The surface of the particles determines the boundary properties of the metal.

The lambda maximum (Amax) absorption of the SPR also depends on the
nanoparticle size. A decrease in size and dimension of the nanomaterial changes
the density and the spatial length scale of the electronic motion.**** However, of
the nanoparticles much smaller than the wavelength of absorbing light (about 25
nm for gold), only the dipole term is assumed to contribute to SPR.”** Mie theory
for nanoparticles much smaller than wavelength of absorbing light (A >> 2R (R =

particle radius)) changed for the dipole dependent relationship as shown in the

equation [1] below.***"%
9V em32 wE2(w)
Dgxt = . - "
¢ lellolemiie, (@2)2

where
0. = extinction cross section of nanoparticles
V = volume of spherical particles and depends on radius of particles
C = speed of light
w = angular frequency of the exciting radiation
€,,= dielectric constant of the medium

€, {w) = real dielectric function of particles

{ €, (w) = imaginary dielectric function of particles
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The resonance in particles occurs when €, {w) ® —2 €, in equation [1] if €,is

17 Vis dependent on the radius of spherical particles so it varies only in

smal
intensity of absorption maxima within the dipole approximation. The modification
in Mie theory assumes that for small metal nanoparticles dielectric function

depends on the size [€ = € (w,R}]. Therefore, size-dependent absorption within

the dipole approximation occurs which is known as intrinsic size effects.’”’ As

shown in Fig 2.2, metal particles of nanometer sizes, most significantly ranging

5

from 1 nm to 10 nm diameter, show size-dependent properties.3

1.0~
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Figure 2.2 Size dependent surface plasmon resonance of gold nanoparticles.35
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For larger nanoparticles (>25 nm for gold particles) the extinction
coefficient of SPR exclusively depends on the particle size.***’ The larger the
particles’ size, the more important the SPR’s higher order modes.?* The higher
order peak is at a lower energy, so the plasmon resonance of larger particles shifts
to the red. The SPR bandwidth increases with increasing diameter of the
nanoparticle because the wavelength of the interacting light leads to an
inhomogeneous polarization of the large particles in an electromagnetic field. The
broadening of the SPR is usually attributed to retardation effects.”>** The optical
absorption spectra of nanoparticles strongly depend on the size of particles. The
size dependent property of these particles is known as an extrinsic size effect,

which is explained by Mie’s theory.22

Among metal nanoparticles, gold nanoparticles (AuNPs) exhibit unique
shape and size dependent optical properties. The AuNPs have an extremely high
surface areas compared to its volume than the bulk gold (two million times more
surface area).” The shape of AuNPs has a pronounced effect in the optical
absorption spectrum. When the nanoparticles elongate to form a rod-like shape
along one axis, the plasmon resonance of these particles splits into two bands.?>?*
The band that absorbs at around 520 nm corresponds to the oscillations of electrons
perpendicular to the short axis and is known as the transverse plasmon band.** The
other band is caused by oscillations of electrons along the long axis of a particle
and is known as a longitudinal plasmon band and appears in the near infrared

region.”**® The value obtained from long axis divided by short axis of the rod

shaped particles is known as aspect ratio. As the aspect ratio increases, the energy
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separation between resonance frequencies of the two plasmon bands

increases.”*%%

Spherical AuNPs exhibit only one strong plasmon resonance band”’ in the
visible spectrum that ranges from 400 nm to 700 nm.” The unique plasmon
resonance of AuNPs has made it superior among metal nanoparticles. In this
project, various types of phospholipid-coated spherical bilayer AuNPs that
absorbed between 528 nm to 549 nm in UV—vi§ spectra have been synthesized. The
classic method of AuNP synthesis and capping reagents used by various research

groups in synthesis of AuNPs will be described next.

2.1.2 Gold Nanoparticles

AuNPs have been intensively studied for their potential application in
various ﬁelds of science. Synthesis and characterization of AuNPs has attracted
interest among scientists for its promising applications in catalysis,40 biological
labeling and sensing.?"*! A cell culture study of spherical AuNPs with various
surface modifiers showed that these particles are biocompatible and nontoxic to

human cells.*?

Various methods have been developed for synthesis of AuNPs. The
classic method of synthesis of AuNPs involves the reduction of Au(III)Cl; with
trisodium citrate, a method pioneered by Turkevitch in 19‘51,21 which was later
modified by Frens in the 1970s.*® In the classic method, citrate salt initially acts as
a reducing agent and reduces Au(IIl) salt to Au(0), and later it also stabilizes the
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AuNPs forming a layer of citrate ions on the AuNP surface. Another popular
method of AuNP synthesis involves the two phase Brust-Schiffrin method* in
which one phase is usually an organic solvent. The AuNPs synthesis in an organic
solvent uses a capping agent, usually a thiol with a sodium borohydride reducing
agent, which results in uniform size. Nanoparticles possess high surface electron
density and are unstable, agglomerating during synthesis.45 For this reason,
nanoparticles are usually synthesized in the presence of stabilizing reagents.
Spherical AuNPs have been synthesized by using various stabilizer such as

849 and ionic liquids.50 Thiols are

surfactants,46 polymers,47 thiols,30 dendrimers,
the most common ligands in AuNP synthesis because the thiol protected AuNPs
(Fig 2.3A) are highly stable and can be isolated and handled easily.”’ However,
thiols strongly interact with nanoparticle surfaces and form a densely packed
monolayer on the surface, thus they are less useful for catalytic and biological
applications.52 Tetraalkylammonium bromide-protected AuNPs (Fig 2.3(C)) are
also known for long term stability.*® However, this capping reagent also restricts
AuNPs for their technological applications.53 Citrate is commonly used as a
capping as well as reducing reagent in AuNPs synthesis. AuNPs are synthesized by
using the citrate reduction method that results in nanoparticles ranging from 2 nm

to 100 nm. The size of particles can be tuned by changing the gold to citrate ratio

during synthesis.43
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Figure 2.3 Schematic diagram of gold nanoparticles. (A) Thiol functionalized, (B) polymer-
coated, and (C) TOAB-coated.

AuNPs have been widely used in interdisplinary fields of science such as

7.8 and material science.” Their

electronics,™ catalysis,>>"® biotechnology,
increasing applications in various fields attracted scientists to develop
nanoparticles of specific size, shape, and with variable functional groups. In fact,
solubility and stability of nanoparticles have limited their applications in various
fields. Surfactants or protecting reagents self assemble to form a monolayer onto
the surface of the nanoparticle, which results in formation of Monolayer Protected
Clusters (MPCs) nanopa.rticles.“)’61 Further, Mixed Monolayer-Protected Clusters
(MMPCs) nanoparticles have been synthesized by ligand exchange reaction in
MPC. These particles are known to have increased solubility and stability and to be

easy to handle,”’ and they are reported to have wide applications in catalysis,(’z’63
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heavy-metal detection,®” and chemical recognition.®*®> Although a variety of
MPCs and MMPCs AuNPs have been synthesized and used in various devices, the
stability and solubility of these clusters have restricted them for long term
applications. Recently, stabilities of AuNPs with structural variations in the
capping reagents have been studied by different groups. Murray and co-workers™'
have synthesized MPCs of gold by varying the chain lengths of alkanethiol and
studied their stability in KCN. Various capping reagents such as xanthate,%

dendrimers>® and peptidf:,68’69 have been used to tune the stability of AuNPs.

Nanoparticles’ functionalization, solubility, and stability play critical
roles in their use in biotechnology. The synthesis of bilayer AuNP has broadened
the applications of AuNP for various purposes. Recent studies on bilayer AuNP

and capping reagents used in synthesis of these particles will be described next.

2.1.2.1 Bilayer Gold Nanoparticles

In recent years, phospholipid-coated bilayer AuNPs have attracted an
enormous interest with respect to their solubility, biocompatibility, and the
potential applications in various fields of science. Sastry and coworkers have
developed a simple one-step preparative method of cetyltrimethyl ammonium
bromide bilayer protected gold nanocrystals with various morphologies.70 AuNPs
have been synthesized in the presence of cationic lipids and cholesterol.”’ Further,
various cationic lipids have been immobilized through disulfide onto AuNP with

the aim of biological studies. He and co-worker have synthesized 1,2-dipalmitoyl-
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sn-glycero-3-phosphothio-ethanol phospholipid modified AuNPs.”? They also have
used different phospholipids to control the size of AuNPs. Recently, Zhu and
coworkers have synthesized L-a-dipalmitoyl phosphotidylcholine (DPPC)
monolayer-coated AuNPs at a water/toluene interface by a one-step process. Zhang
and co-workers have synthesized stable and hydrophilic
dimethyldioctadecylammonium bromide (DDAB) cationic lipid bilayer-protected
AuNP in situ by reduction with NaBH;.”> DDAB has also been used as a capping
reagent for the formation of monolayer-protected AuNPs in an organic medium.”
Another group has reported that an increase in the concentration of DDAB in the
synthesis of AuNPs changes the shape and size of the AuNPs.”” Recently, Reed
and co-workers have ﬁsed L-a-phosphatidylcholine (95% Soy PC) in bilayer
AuNP synthesis.” In this work, transfer of 95% Soy PC-coated monolayer AuNPs
to bilayer AuNPs was achieved in the absence of a phase transfer reagent. More
recently, Nakashima and co-workers have used 1,2-dipalmitoyl-sn-glycero-3-

phosphothioethanol (DPPTE) for synthesis of gold nanorods.”’

Phospholipids are environmentally benign ligands for the synthesis of
bilayer AuNPs. This research has used various types of synthetic and natural
phospholipids for synthesis of bilayer AuNPs. A brief introduction of

phospholipids and their self assembly in aqueous medium is described next.
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2.1.3  Phospholipids

Phospholipids are a major structural component in biological
membranes. A typical structure of a phospholipid is presented in Fig 2.4(A).
Phosphatidylcholine is also known as lecithin, the most common phospholipid in
which a hydrophilic polar headgroup links to a pair of hydrophobic acyl
hydrocarbon chains. In aqueous media, molecules of phospholipids self assemble
in a bilayer vesicle known as a liposome (Fig 2.4(B)) in order to minimize
unfavorable interactions between hydrophilic bulk aqueous phase and the long

hydrocarbon fatty acid chains.”®

- !
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Figure 2.4 A bilayer assembly of phospholipids in water. (A) A typical phospholipid,
(B) liposome.
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Phospholipids can be derived from natural sources such as plants and
animals or derived synthetically from the laboratory. Natural sources of these are
in fact a mixture of phosphatidylcholines, with acyl chains of different lengths
and varying degrees of unsaturation. Phospholipids from plant sources have a
high level of polyunsaturation in the fatty acyl chains and from animal source

8 Lecithin derived from

contains a higher proportion of fully saturated chains.”
soybean contains various phospholipid compositions. As listed in Avanti Polar
Lipids catalog, phosphatidylcholine (95% Soy PC) used in this research consists
of 97.2% L-a-phosphatidylcholine including numerous other lipids such as
phosphatidylethanolamine, phosphatidylinositol, phosphatidic acid and 2.8%
various lipid phosphatidylcholine (LPC). Furthermore, sphingomyelin derived

from animal sources, in particular from egg and chicken, consists of a few

saturated phospholipids with different acyl chains.

Self assembly of lipids in aqueous media varies with the type of
headgroups and tail lengths of lipids. Self assembled structures formed by lipids

of different headgroups and acyl chain lengths are shown in Table 2.1.
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Table 2.1 Self assembled structures for different headgroups and acyl chain of the lipids.

79

Lipids

Type of self assembled

structure formed in water

Single-chained lipids with large headgroups

(e.g., detergents, lysolipid)

Spherical micelles

Double-chained lipids with large headgroup
areas and fluid chains (e.g., sphingomyelin,
phosphatidylcholine, phosphatidylglycerol,

phosphatidylserine)

Bilayer membranes

Double-chained lipids with small headgroups

(e.g., phosphatidylethanolamine)

Hexagonal 11 (Hy;) or

inverted micelles

This project has used various types of phospholipids in AuNP synthesis

and tested the stability of these particles. For this study, various types of

phospholipids which differ in headgroups, tail lengths, and tail saturation were

used. The fluidity of the phospholipid bilayer depends on headgroups, tail length

and tail saturation. In the following section, the effect of changing headgroup and

acyl chain in phospholipid bilayer curvature will be described.
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2.1.3.1 Lipid Curvature

Biological membranes are known to exist in bilayer curvature stress. The
functions of biomembranes are controlled by spontaneous curvature of the
membrane’s monolayer.80 Anderson and coworkers reported that the hydrophobic
interactions of the lipid bilayer and membrane protein cause bilayer curvature
stress, which can play a crucial role in protein conformation and structural

change.®! This phenomenon modulates protein functions.

Biological membranes consist of a wide variety of phospholipids of
various compositions.79’82 Further, individual constituents of the membranes’
monolayer change the packing in the monolayer, which contributes to the
equilibrium curvature of the monolayer resulting in bilayer curvature frustration.
The bilayer membranes also include small size headgroup phospholipids present in
the monolayer that do not self-assemble into a bilayer assembly; these are known
as non-bilayer lipids.go’83 The small size headgroup phospholipids, for example,
phosphatidylethanolamine, have a cone shape and prefer inverted hexagonal (Hy)
or nonlamellar phase upon hydration.80 When these non-bilayer phospholipids, in
appropriate proportion, are combined with the other bilayer forming phospholipids,
they cause spontaneous negative curvature in the monolayer.®*®* The flat lamellar
La phases are formed by the assembly of the cylindrical phospholipids with large
headgroup lipids as in phosphatidylcholines.84’85 Moreover, the small headgroup
lipids that form non-bilayer structures are believed to be important in membrane

fusion and control activity of membranes associated proteins.3® Another type of
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phospholipid are the conical lipids with large polar headgroups such as lysolipids

that form either micelles or the hexagonal Hy phase.87

The equilibrium curvature of a membrane’s monolayer could be positive,
zero, or negative depending on the shape and size of headgroups of phospholipids
compared to their acyl chain area.®®® The monolayer prefer positive curvature as
seen in Fig 2.5(A), if the effective shape of the polar headgroup of the
phospholipid is greater compared to the acyl chains. The monolayer of a membrane
changes to negative curvature (Fig 2.5(C)) if the effective shape and size of the
phospholipid headgroup is smaller compared to the acyl chains. Phospholipids with
a cylindrical shape form planar monolayers with zero equilibrium curvature (Fig
2.5(B)).84’88’89 Further, Anderson’s group reported that the equilibrium curvature
can be changed by the addition of amphipathic molecules that differ in the shape of

the polar headgroup.81

The change in a membrane’s curvature stress could be due to change in
packing of the monolayer which may result in density change.”® As a consequence,
membrane lipids exert a force on membrane protein to perturb the conformation
and structure of the protein. Eventually, change in conformation changes the

activities of protein in biological membranes.®**
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Figure 2.5 Lipid curvature (carnoon).87 (A) Positive, (B) zero, and (C) negative.

Gruner proposed the idea of spontaneous curvature (1/R,), where R, is
defined as the radius of monolayer curvature that minimizes the bending elastic

free energy and is a property of the individual lipid species.84 The elastic free

energy, Ug, is expressed by

ue=k (1/R-1/R,)? 2]

where

k‘
]

elastic constant,

R = radius of the curvature of lipid/water interface, and

R, = equilibrium radius of curvature
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R, =R is in an elastically relaxed state in monolayer. R, is a property of a
lipid, which does not depend on shape of lipid. However, factors such as
temperature or unsaturation decrease the R,. A charge on a headgroup also
increases the effective headgroup area, which increases the R,. If other energies do

not compete with g, the lipid monolayer will have lower elastic energy.®

Charge on the headgroup of a phospholipid, hydration, and temperature
changes the lipid fluidity of bilayer membrane.®’! In one study, Gruner and Kirk
have found that addition of hydrophobic alkane in a phospholipid bilayer changes
it from lamellar to hexagonal phases.”” A change in lipid shape in monolayer
results in curvature of membranes, which could be due to change in the molecular
packing in the membrane.®” The lipid bilayer environment affects the characteristic
of several types of channels, including membrane protein channels, such as sodium

and potassium channels.”

Based on the references mentioned above, lipid curvature can be altered
by the addition of lipids that differ in shape and size of the polar headgroups and
acyl chains. The stable mixed thiol/phospholipid-coated bilayer AuNPs prepared in
this project can be applied in the formation of solid-supported lipid bilayer and is

described next.
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2.1.3.2 Application of Phospholipid-Coated Gold Nanoparticles in of Solid-

Supported Lipid Bilayer

Solid-supported phospholipid bilayers are simple and versatile model of
biological membranes for biotechnological applications.”*” Phospholipid
membranes have intrinsic properties to fuse and self organize into a planar
bilayer membrane onto various solid substrates.”® The electrostatic interactions
between positively charged solid support and negatively charged or zwitterionic
lipid vesicles play a vital role in the adsorption of lipids on solid substrates.”” The
solid bound membranes mimic one property of cellular membranes: maintz'lining
lateral ﬂuidity.gg’99 Therefore, such membranes are excellent models for

1
01,102 and

investigation of cell signaling,'™ membrane-protein interactions
pathogenic attack.”® Further, solid bound bilayer membranes possess unique
physical properties, and the two-dimensional fluidity of individual lipid
molecules is maintained by a film of water trapped between the solid substrate

and the bilayer."”'™ Typically, the ultrathin film of water between the solid

support and the lipid bilayer is around 10 A.'%

Various methods have been used to form solid supported lipid bilayers.
One of the methods of formation of solid-supported lipid bilayers is the
adsorption and fusion of vesicles from an aqueous solution to the solid substrate,
for example, glass or silica'® as shown in Fig 2.6(A).”® The spontaneous fusion
of lipid bilayer vesicles takes place with an appropriate hydrophilic solid surface,

such as oxidized Si, resulting in a surface bound bilayer.'”'®® The membrane
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deposition models on solid support have been widely exploited for mimicking

cell membranes as well as for their potential biotechnological applications.'®

Solid support bound lipid bilayer and hybrid lipid bilayer have been
intently studied for their potential applications in nanotechnology and for
understanding the role of cell membranes.”® Further, the solid-bound hydrated
lipid bilayer (Fig 2.6(B)) has attracted interests in biosensor design. Recently,
Boxer and Cremer have reported that phospholipid membranes in combination
with microfluidic devices can be applied in sensor platforms.110 The amphiphilic
phospholipid membrane can coordinate closely associated proteins or
nanoparticles either on surfaces or inside the membrane.”® Furthermore, solid
supported bilayers are an attractive model in biotechnology because they possess
mechanical stability and thus accessibility to various analytical techniques (e.g.,
internal reflection, SPR, and atomic force microscopy (AFM)) that can detect
interfacial events with high sensitivity.”***'"! Further, they can be used to
generate micropatterned membranes on a solid support. For example, a bilayer
membrane can be micropatterned onto a glass or suitable solid substrate by
standard microfabrication or microcontact printing.""> The hybrid bilayer
containing both thiol and natural lipids provides an insight into understanding
membrane protein activity.''> Further, a hybrid membrane is one approach of
stabilizing a lipid bilayer membrane on a solid support, which conserve structural
and physical properties of the lipid bilayer.113 For example, a hybrid bilayer with
a bottom self-assembled hydrophobic thiol monolayer on a solid surface and a

top lipid layer can be formed and then hydrated.'®''* The solid supported
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hydrophobic thiol and thiolipid monolayer are shown to have better electrical
conductivity and thermal stability compared to lipid monolayers.115 Further, SPR
can be applied to the hybrid lipid biléyer assembled with gold film or glass
substrate in spéciﬁc protein-membrane binding study.''* In addition, this
approach provides hydrophobicity to metal support, which is accessible to

electrochemical techniques.'®

Solid Support
(A)

Lipid bilayer——> §§ §§ §§ §§ §§ §§ §§ §§ ﬁ §§ §§ §§ gi gg §§ §§ §§ gg

Water layer——>
Solid Support

(B)

Figure 2.6 Formation of solid-supported lipid bilayer. (A) Deposition of the liposome on
solid support, (B) rearrangement of liposome to form bilayer on solid support. 8
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Phospholipid-coated bilayer AuNPs and mixed. thiol/phospholipid-
coated bilayer AuNPs could find applications in the formation of solid-supported
bilayers for the development of biological sensors. This research has developed a
method for the formation of various types of mixed thiol/phospholipid coated
bilayer AuNPs that are remarkably stable towards potassium cyanide (KCN).
Variation in the stability of AuNPs has been reported by different research
groups. The stability of AuNPs in KCN varies depending upon the capping

reagent used in synthesis of nanoparticles and is described next.

2.1.4  Stability of Gold Nanoparticles in Potassium Cyanide

Cyanide is known to dissolve gold to form a soluble gold complex in the
presence of oxygen. In a cyanide solution, oxygen oxidizes gold (0), and cyanide
ions form a complex with gold ions (III). Elsner’s equation''’ for cyanide etching

of gold is expressed as:

4Au+8CN +0,+2H,0 —> 4 Au(CN),” +40H" [3]

Cyanide etching is frequently employed to characterize the ligands
adsorbed on the gold surface. AuNPs in the presence of cyanide and oxygen
decrease in size.'"® The stability of monolayer protected AuNPs in cyanide has

been studied by Murray and co-workers.”' This study showed an increase in
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stability with the increase in carbon chain lengths of the alkanethiol. The stability
of the thiol-coated AuNPs in KCN increases gradually from 2 — 12 carbons in the
thiol.'"™ The rate of decomposition correlates with a protective barrier that the
thiolated monolayer provides to the gold surface. The Monolayer Protected Cluster
(MPC) exhibiting strong hydrogen bonding showed the slowest decomposition rate
with KCN.'? The decomposition rate increased up to 9-fold for the MPC with the
weakest hydrogen bonding. Similarly, the stability test of the monolayer protected
nanoparticles in KCN was also studied by Knoll and co-workers.'*! This study
showed that surface-modified AuNPs are more resistant to cyanide etching.
However, the stability of these particles lasts less than an hour. The strength of the
intramolecular hydrogen bond was correlated with resistance of the AuNPs to
cyanide-mediated oxidative etching.120 The distance dependent correlation of
dendron-coated AuNPs showed an increase in stability of particles in cyanide.122
The stability test of the AuNPs coated with cross-linked block copolymers was
sensitive to the structure of the cross-linker and distance of cross-link from the
nanoparticle surface.'” Chen and co-workers'?* observed enhanced chemical and
physical stability of AuNPs in KCN by cross linking amphiphile block co-polymer
with an increase of UV-irradiation time.

The stability of different ligand-coated AuNPs changes depending upon
the types of ligands used in the AuNPs. The stability and solubility of
nanoparticles has a significant impact in their potential application in biomedicine.
Stable AuNPs can also be useful in micropatterning since KCN-mediated washing
of these particles does not dissolve the protected AuNPs in the micropattern. In the

second project of this thesis, I succeeded in synthesizing various types of
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remarkably stable mixed thiol/phospholipid-coated AuNPs in the presence of

excess KCN compared to the AuNPs previously described in the literature.

2.1.5  Stability of Gold Nanoparticles in Iodine

Todine is also known to etch gold. Iodide ions form a strong bond with
gold.125 The iodine adsorption on a gold surface is expressed in the equation

below:

2Au+L, —> 2 Aul (4]

Finklea described that a monolayer of iodide forms spontaneously upon
immersing a bulk gold in dilute iodine solution.'?® Recently, Wang and co-workers
reported the aggregation of AuNPs in the presence of iodine.'”” Further, they
mentioned that the adsorbed iodine on AuNPs lowers the surface potential, and as
a result, increases van der Waal’s attractive forces between iodide-coated
nanoparticles that resulted in the aggregation of particles. Generally, a saturated
iodine solution in the presence of KI can oxidize gold nanoparticle into Au’* jons.
Sastry and Rautaray performed leaching experiment of the AuNPs coated on
membrane in jodine solution.'”® Their study showed complete disappearance of
gold color from the membrane. Iodine forms the most stable complexes with
gold,”® and it has been used to quantify ligands adsorbed on the surface of AuNP.
Murray and co-workers have used iodine to determine the amount of ligand in a

129

ligand-exchange reaction.” In this work, the decomposition of MPCs gold with
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iodine quantitatively liberated the-alkanethiolate monolayers as dialkyl disulfide
compounds, but liberation of ligand was found difficult compared to cyanide
exposed decomposition. Iodide ions exert a major influence over the evolution of
the shape of a gold nanocrystal. Recently, Weaver and Wasileski have reported
that iodine has a strong affinity to chemisorb on the gold surface.'”® Further, their
study shqwed that iodine brings rapid reconstruction on the adsorbed faces of gold
surface. Sastry and co-workers predicted that iodine binds strongly on the surface
of gold and the mismatch between the gold surface and adsorbed iodide leads to

the change in morphology of AuNPs.'*

More recently, Prasad and co-workers
have shown that the addition of iodine brings changes to the shape and size of

monolayer protected AuNPs."! In their work, 1 nmol of iodine is sufficient to

aggregate 9000 nmol of AuNPs.

As reported in the literature, iodine causes a change of shape,
aggregation, and a shift in plasmon resonance of AuNPs as described above. This
project has tested stability of various types of phospholipids-coated bilayer and
mixed thiol/phospholipid coated bilayer AuNPs in iodine solution. Unlike
instability of AuNPs in iodine described in the references, this project has shown
no significant change in the shape and size of hybrid bilayer AuNPs in excess of

iodine.
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2.2 GOALS AND OBJECTIVES OF THESIS (PART 2)

AuNPs have been employed in various fields of science. The shape, size,
stability, and solubility of AuNPs has limited their use in biomedicine and other
fields of science. Phospholipids are major components of biomembranes and
constitute an environmentally benign source of ligand to functionalize AuNPs,
providing solubility in water. The goal of this project is to develop various types of
phospholipid-functionalized hybrid bilayer AuNPs, tune the size of the particles by

varying the phospholipid types, and test their stability.

The main objectives of this project are:

1. To synthesize various types of phospholipid-coated bilayer AuNPs and
hybrid bilayer AuNPs by using phospholipids that differs in headgroups
and acyl chains.

2. To analyze TEM images of various types of phospholipid-coated hybrid
bilayer AuNPs to verify any change in size or shape with variation of
phospholipids.

3. To test the stabilities of various types of phospholipid-coated hybrid

bilayer AuNPs in KCN and iodine solutions.

The hypothesis made in this project was that variation of phospholipids in
the synthesis of AuNPs changes the size and stability of AuNPs. To test this
hypothesis, the project started with selection of various types of natural and

synthetic phospholipids that differ in headgroup, acyl chain length, and degree of
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saturation. To achieve the goals and objectives of this project the following
sections described synthetic procedures for phospholipid-coated bilayer AuNPs

and hybrid bilayer AuNPs and their size analysis and stability tests.
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2.3 EXPERIMENTAL

This section describes the general materials and methods for the synthesis
of seven types of phospholipid-coated AuNPs and the preparation of these particles
for TEM analysis. The general procedures leading to the formation of hybrid

bilayer AuNP, and their stability tests are also described.

2.3.1 Materials and Methods

HAuCly (Strem Chemicals), 95% L-a-phosphatidylcholine (95% Soy
PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), L-a-
phosphatidylcholine hydrogenated (HyPC) (egg), 1,2-dilauroyl-sn-glycero-3-
phosphocholine  (DLPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE), and sphingomyelin were bought from Avanti Polar and used as received.
L-a-phosphatidyl-DL-glycerol sodium salt (PG) (egg yolk), 1,2-diacyl-sn-glycero-
phospho-L-serine (PS) (brain), and glycerol trioleate (TG) were bought from
Sigma/Aldrich and used as received. Chloroform (VWR) was filtered through
basic alumina before use. All other chemicals were purchased from Sigma/Aldrich
and were used as received. Nanopure water was from Milli-Q ultra-pure system.
The optical absorbances of dilute solutions of nanoparticles were measured with an
Ocean Optics USB 2000 UV-vis spectrometer and Agilent 8453 UV-vis

spectrophotometer with a diode array using a 1 cm path length quartz cell.
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2.3.2  Transmission Electron Microscopy (TEM)

Samples for TEM were prepared by drop-casting dilute solutions of
nanoparﬁcles onto carbon-coated (300 A) Formvar films on copper grids (Ted
Pella). For dilute samples of an optical density 1.2, 5 pL of sample was loaded on
the grid repeatedly, followed by allowing the sample to dry in air for a few
minutes. For more concentrated samples only 5 uL were loaded. Subsequently, the
samples were dried in air for one day before the TEM images were obtained.
Transmission electron micrographs were acquired on a TEM FEI Tecnai F-20 at an
acceleration voltage of 150 kV using a CCD detector. The size of the nanoparticles
were analyzed by using ImageJ] Software, after applying a bandpass filter to the
images and adjusting the filters’ threshold. The histograms were obtained with a
window bin size of 2 nm. Each histogram presented in this thesis shows the x-axis

center value of the bin that ranged from +1 to —1.

2.3.3 General Procedures

2.3.3.1 Preparation of Liposomes

The eight different types of phospholipids in 9.9 pmol quantities were
dissolved in chloroform and transferred into labeled scintillation vials.
Subsequently, TG (0.1 pmol, 1 mol % of phospholipids) was dissolved in
Chloroform, added to each vial, and swirled until the phospholipids dissolved.

Sphingomyelin was not completely soluble in Chloroform so a drop of methanol
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was added. DPPE was not soluble in Chloroform at room temperature so it was
sonicated at 55 °C for an hour. The solvent was carefully evaporated under a
stream of nitrogen until it formed a thin film. Subsequently, the film was dried in
vacuo for one day. Water (4 mL) was added to the dried, thin lipid film, and
sonicated for 45 min. The transparent liposome obtained after sonication was used

in the synthesis of bilayer AuNPs, immediately.

2.3.3.2 Synthesis of Various Types of Phospholipid-Coated Bilayer Gold

Nanoparticles

Liposomes (10 pmol, 4 mL) of each phospholipid, including TG, were
transferred into labeled vials. An aqueous solution of HAuCly (10 pmol, 3.4 mL).
of concentration 2.94 mM and sodium citrate (25 pmol, 0.98 mL) were added to
the vials with liposome solutions. The combined mixture was stirred at room
temperature. After an hour the solution in the vial slowly changed to a bluish color.
Stirring was continued for another 6 h, and the solution was stored at room
temperature overnight. The solubility of these AuNPs slowly increased in one to
two days. Vials containing PG, PS, and phosphatidylcholine (PC) became
detectably purple in 30 min, and an intense purple in 2 h. The UV-vis spectra were
recorded for seven types of bilayer AuNPs at the same dilution after one day of

synthesis at room temperature.
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2.3.3.3 General Procedure for Synthesis of Hybrid Bilayer Gold

Nanoparticles

Different concentrations of thiol-exchanged hybrid bilayer AuNPs were
obtained by varying the amount of thiol. 1-Decanethiol (1 mM) in ethanol, 20 nmol
(20 pL), 5 nmol (5 pL), and 1 nmol (1 pL) were added separately to the
phospholipid-coated bilayer AuNPs solutions (1 mL) of an optical density of 1.2,

and stirred for 2 h at room temperature.

2.3.3.4 General Procedure for Stability Tests of Bilayer and Hybrid Bilayer

Gold Nanoparticles in KCN

A KCN solution in water (20 pL, 307 mM) was added to the aqueous
solutions of various types of phospholipid-coated bilayer and hybrid bilayer
AuNPs (1 mL) of an optical density of 1.2. Subsequently, the spectra were

collected every 30 seconds, with constant stirring for one hour.

2.3.3.5 General Procedure for Stability Tests of Bilayer and Hybrid Bilayer

Gold Nanoparticles in Iodine

Iodine solution in ethanol (10 pL, 0.1 mM) was added to the aqueous
solution of various types of phospholipid-coated bilayer and hybrid bilayer AuNPs

solutions (1 mL) of an optical density of 1.2, making the total concentration of the
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solutions 1 pM. UV-vis spectra were collected every 30 seconds for one hour with

constant stirring.
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24 RESULTS AND DISCUSSION

In this section, synthesis of various types of phospholipid-coated bilayer
AuNPs and different concentrations of thiol exchange in various types of
phospholipid-coated bilayer AuNPs to form hybrid bilayer AuNPs will be
discussed. TEM image analysis of various types of hybrid bilayer AuNPs will be
shown. Finally, the results of stability tests of various types of hybrid bilayer
(mixed thiol/phospholipid) AuNPs and bilayer AuNPs in the presence of KCN and

iodine will be presented.

2.4.1  Phospholipid-Coated Bilayer Gold Nanoparticles

Eight different types of phospholipids, as listed in Table 2.2, were used in
the synthesis of bilayer AuNPs. Among these lipids DPPE, DLPC, and POPC are
synthetic phospholipids while 95% Soy PC, HyPC, sphingomyelin, PG, and PS are
from natural sources. As shown in Table 2.2, these phospholipids vary in pK,

depending upon the headgroups on the lipids.”®"**!**

Quaternary amine headgroup
in phospholipids showed higher pK compared to ethanolamine headgroup in
phospholipids. PS has three pK values for phosphate, amine, carboxyl ionic species
and PG has only one pK for phosphate ion."2 Phospholipids with a negative
charge in headgroup, such as PS and PG are more acidic while the phospholipids
with choline headgroups are more basic. The basicity of phospholipids decreases

for different headgroup in order of choline > ethanoamine > serine.** Further,

phospholipids with high basicity also exhibited high melting points. For example,
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phosphatidylethanolamines, sphingomyelin, and phosphatidylcholines show

13% The difference in

melting point of about 197, 210 and 230 °C respectively.
acidity of these lipids is expected to change the reduction potential in AuNPs

synthesis.

The structures of natural and synthetic phospholipids of different chain
lengths with different degrees of saturation used in the synthesis of bilayer AuNPs
are shown in Fig 2.7. POPC and 95% Soy PC have different degrees of
unsaturation with the same chain lengths, whereas DLPC and HyPC are saturated
but have different chain lengths. DLPC and POPC are synthetic lipids with a high
degree of purity, while 95% Soy PC is derived from soybeans and HyPC is derived

from egg yolk and both consist of other lipids as impurities.
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Figure 2.7 Structures of phospholipids with different acyl chain lengths and degrees of
saturation. (A) 95% Soy PC, (B) POPC, (C) HyPC, and (D) DLPC.

The structures of phospholipids with different headgroups which were
used in the synthesis of bilayer AuNPs are shown in Fig 2.8. DPPE has a smaller
headgroup as compared to sphingomyelin. PG and PS have a negative charge on
the headgroup. The DPPE used in the synthesis of bilayer AuNP is a synthetic lipid

with a high degree of purity.
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Figure 2.8 Structures of phospholipids with different headgroups. (A) PG, (B) sphingomyelin,
(C) PS and (D) DPPE.

Liposomes consisting of various types of phospholipids, as listed in Table
2.2, were prepared as shown in Scheme 2.1 before the synthesis of AuNP. The
molecular weight of each phospholipid listed in Table 2.2 was used in the
~ calculation of the amount of phospholipids utilized in preparing the liposomes
However, natural phospholipids also include a large amount of other lipids as

impurities and correction for variable molecular weights was not done. For the
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natural phospholipids molecular weight of abundant species was used in
calculation of amount of lipid. After 45 min of sonication in water, clear liposome
solutions were obtained with choline, serine, and glycerol headgroup
phospholipids. However, DPPE did not form a clear liposome solution, and some

precipitates of DPPE were observed after 45 min of sonication.

Various types of phospholipid-coated bilayer AuNPs were synthesized by
the monophasic method as shown in Scheme 2.1. A gold to liposome ratio of 1: 1
was reduced by aqueous sodium citrate (2.5 equiv). The solution of gold salt
(HAuCly) in water absorbs with peaks at 315 nm (maxima) and 270 nm (minima)
in its UV-vis spectrum.135 The disappearance of absorption maxima for gold (III) at
315 nm (spectrum not shown) and the appearance of plasmon resonance in the
visible region as shown in UV-vis spectra (Fig 2.9) are an indication of the
transformation of gold (III) into gold (0). Synthesis of AuNPs was also attempted
under similar conditions using sodium citrate (5 equiv). AuNPs generated from 5
equiv of sodium citrate also showed similar SPRs in the UV-vis spectra compared
to AuNPs made using 2.5 equiv of sodium citrate. All AuNPs discussed for UV-vis
spectra, TEM analysis, and stability tests were made by using 2.5 equiv of sodium

citrate.

136



Table 2.2 Phospholipids with different headgroups and acyl chain lengths

Phospholipids Hydrophobic pK™* M.W. | Headgroups
tail
L-a-phosphatidylcholine | Unsaturated 13 758 Choline
(quaternary
1-palmitoyl-2-oleoyl-sn- | Unsaturated 760 \
glycero-3- o
phosphocholine (POPC) 2.5 (POs7) S
1,2-dilauroyl-sn-glycero- | Saturated 621 _N*
3-phosphocholine N
(DLPC)
L-a-phosphatidylcholine, | Saturated 762
hydrogenated (HyPC)
(egg)
Sphingomyelin Unsaturated 703
(egg, chicken)
1,2-dipalmitoyl-sn- Saturated 9 (amine) 691 Ethanolamine
glycero-3-
phosphoethanolamine \o
DPPE
( ) 2.5 (PO4s7) H
NH,
L-a-phosphatidyl-DL- Unsaturated 768 Glycerol
glycerol (PG) (egg yolk)
3 (PO47) %
\\(jﬂ
OH
1,2-diacyl-sn-glycero- Unsaturated 10.3 (amine) | 790 Serine
phospho-L-serine (PS)
(brain) 2.5 (POs7) HRy §
4.5 (COO™) °\\2L»\0
(o] i
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Scheme 2.1
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Scheme 2.1 Systematic scheme of bilayer gold nanoparticles synthesis (A) Liposome, i)
HAuCl, in H,0, ii) sodium citrate in H,O (2.5 equiv), and (B) bilayer gold nanoparticles.

TG (1 mol % of phospholipid) was added to all phospholipids before the
formation of liposome in order to obtain a better solubility of the nanoparticles.
The phospholipid-coated bilayer AuNPs that were synthesized in the absence of
TG showed scattering in the UV-vis spectra. In the presence of 1 mol % TG, only
small scattering was observed. In fact, the TG higher than 1 mol % of the
phospholipid that was added in the synthesis of AuNPs showed more scattering in
the UV-vis spectra (spectra are not shown here). However, in the absence of TG

the AuNPs solubility slowly increased over time.
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A negative spontaneous curvature (as seen in Fig 2.5(C)) is common for
phospholipids with small headgroups.®® In aqueous solution, these lipids may
aggregate to form hexagonal II phase structures. Since DPPE has a smaller
headgroup compared to other phospholipids, liposomes of DPPE were found to be
unstable because they did not form a clear liposome solution. Indeed, the DPPE-
coated bilayer AuNPs showed precipitation of AuNPs as evidenced in UV-vis
scattering (spectrum not shown here). Both the negatively charged PG and neutral
charged PC have zero spontaneous curvature. The location of sodium ion has a
larger effect on the bilayer fluidity properties than the lipid’s headgroup size.”® In
this research, the PG-coated bilayer AuNPs formed easily, and were found more
soluble compared to other phospholipid-coated nanoparticles. The color of the
glycerol headgroup in phospholipid-coated bilayer AuNP started to develop within
30 min and reached an intense reddish purple after an hour of stirring at room
temperature. The mixture was continuously stirred for 2 h and later stored at room
temperature. As compared to other phospholipid-coated AuNPs, the glycerol
headgroup in phospholipid-coated bilayer AuNP formed much faster and became
very soluble. The higher solubility of the glycerol headgroup in phospholipid-
coated AuNPs compared to other phospholipids could be due to the sodium ion

present.

The UV-vis spectra for all bilayer AuNPs were recorded after one day of
synthesis. For all seven different types of phospholipids, water soluble bilayer
AuNPs formed and solubility of AuNPs increased slowly over time, which showed

increase in absorbance in UV-vis spectra (comparative spectra are not shown). The
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UV-vis spectra of these nanoparticles (as shown in Fig 2.9) showed Amax ranging
from 529 nm to 549 nm. The Anax of SPR of various types of phospholipid-coated
bilayer AuNPs with TG (1 mol % of phospholipid) are listed in Table 2.3. Citrate
reduced bilayer AuNPs of PS and sphingomyelin initially formed a black color,
and over time changed to a reddish-purple indicating that small particles had
formed first. Sphingomyelin-coated bilayer AuNP showed Amax at 536 nm, while
PS-coated bilayer AuNP absorbed at Ap,x 534 nm with no sharp SPR. The broad
SPR in sphingomyelin-coated bilayer AuNP could be due to the broader size of
distribution of these particles, as described in image analysis of these particles.
Even though SPRs of these particles shifted by a few nanometers, only a small

change in size was observed in the TEM image analysis.

Sodium citrate reduced bilayer AuNPs of POPC, 95% Soy PC, HyPC,
and DLPC formed more slowly compared to the negatively charged headgroup
(glycerol or serine) coated nanoparticles. Negative headgroups in phospholipids
resulted in highly water-soluble bilayer AuNPs with narrow size distribution
(detail in TEM image analysis). In addition, these nanoparticles showed less
scattering in UV-vis spectra (as shown in Fig 2.9(A)) as compared to other
phospholipids. Initially, all phospholipids, except PG, showed a black color in one
hour and after 4 h these particles turned purple. The UV-vis spectra of these
particles showed small scattering (as shown in Fig 2.9(B)). In particular, the UV-
vis spectrum of DLPC-coated bilayer AuNP showed less scattering compared to
95% Soy PC-coated bilayer AuNPs. DLPC-coated bilayer AuNPs showed Anax at

536 nm and 95% Soy PC-coated bilayer AuNPs showed Amax at 531 nm.
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Figure 2.9 UV-vis spectra of bilayer gold nanoparticles in water (normalized at 350 nm). (A)
Phospholipid-coated bilayer gold nanoparticles with different acyl chain. Green — DLPC, red —~
HyPC, purple — POPC and blue — 95% Soy PC. (B) Phospholipid-coated bilayer gold
nanoparticles with different headgroups. Maroon — sphingomyelin, blue — PS, and green — PG.

The sharpness of intensity of SPR in the UV-vis spectra indicated that the glycerol

headgroup in phospholipid and DLPC-coated nanoparticles have a narrow size

distribution. PG-coated bilayer AuNPs showed Anax at 529 nm with sharp SPR.
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Table 2.3 A, of various types of phospholipid-coated bilayer AuNPs with TG (1 mol % of
phospholipid)

Types of phospholipids in bilayer AuNPs | Anax (nm) of bilayer AuNPs
95% Soy PC 531
POPC 542
HyPC 549
DLPC 536
PG 529
PS 534
Sphingomyelin 536

As mentioned earlier (introductory section 2.1.1.1), the SPR of AuNP is very
sensitive to size, shape, and inter-particle distance. In an aggregated state, the
individual nanoparticles can interact with each other and give rise to oscillations
that are combinations of oscillations of individual nanoparticles.82 The SPR of
POPC-coated bilayer AuNPs is broad when compared to other phospholipid-coated
bilayer AuNPs and showed Amax at 542 nm. The POPC-coated bilayer AuNP was
bluish purple. It could be due to the aggregation of particles and broader size
distribution. TEM image analysis of POPC and 95% Soy PC-coated bilayer AuNPs

will be discussed next.
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24.2 TEM Images of POPC and 95% Soy PC-Coated Bilayer Gold

Nanoparticles

The 95% Soy PC-coated bilayer AuNPs both with TG and without TG
were synthesized under similar conditions and TEM images were analyzed. TEM
images of 95% Soy PC-coated bilayer AuNPs in the absence of TG are shown in
Fig 2.10(A). The size analysis of 98 particles of 95% Soy PC-coated bilayer AuNP
without TG showed an average size of 15 nm + 4.6 nm. Further TEM images of 1
mol % TG added 95% Soy PC-coated bilayer AuNPs were also analyzed (images
and histogram are not shown here). The results obtained from TEM image analysis
of 95% Soy PC-coated bilayer AuNPs in the presence of 1 mole % TG was similar
to that of bilayer AuNPs in the absence of TG; the addition of TG in phospholipids
during synthesis of AuNP did not show significant changes in the size and

distribution of particles.
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Figure 2.10 (A) TEM images of the 95% Soy PC-coated bilayer gold nanoparticles without
TG. Scale bar = 20 nm. (B) Histogram for size distribution of 98 particles of 95% Soy PC-
coated bilayer gold nanoparticles (bin size = 2 nm).

Furthermore, TEM images of 1 mole % TG added 95% Soy PC-coated
bilayer AuNPs after partial 1-decanethiol exchange were also obtained and are
shown in Fig 2.11(A). The size analysis of a total of 101 particles showed an
average size of 14.4 nm + 4.2 nm which is similar to the average size of bilayer
AuNPs before thiol exchange. Later in this project, TEM images of various types
of 1 mole % TG added various types of phospholipid-coated bilayer AuNP were
analyzed after 1-decanethiol was exchanged. In particular, both SPR and size of
95% Soy PC-coated bilayer AuNPs before and after partial 1-decanethiol exchange

did not change. For this reason, TEM images of various other types of
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phospholipid-coated bilayer AuNPs before thiol exchange were not studied

separately.
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Figure 2.11 (A) TEM images of 1% TG added 95% Soy PC-coated bilayer gold nanoparticles
after partial 1-decanethiol exchange (hybrid bilayer AuNPs). Scale bar = 20 nm. (B) The
histogram for size distribution of 101 particles of 95% Soy PC-coated bilayer nanoparticles
(bin size =2 nm).

However, POPC-coated bilayer AuNP was noticeably different in color from
POPC-coated hybrid bilayer AuNPs that formed after the addition of
1-decanethiol. The SPR of POPC-coated bilayer AuNPs after thiol exchange
increased in intensity compared to POPC-coated bilayer AuNPs. After partial thiol
exchange, a few nanometers blue shift of plasmon resonance in UV-vis spectrum

was observed (spectrum not shown here). For this reason, TEM images of POPC-
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coated bilayer AuNP and POPC-coated hybrid bilayer AuNPs were studied

separately.

TEM images of POPC-coated bilayer AuNPs are shown in Fig 2.12(A).
A few fields in the grid of POPC-coated bilayer AuNPs showed a small size
particles which were not analyzed. From the size analysis of clearly visible 100
particles, an average size found was 12.2 nm + 4.0 nm. In the histogram, the
majority of particles were found in between 6 nm and 20 nm. When compared with
TEM images of POPC-coated hybrid bilayer AuNPs, POPC-coated bilayer AuNPs
showed a small increase in size which indicates that POPC-coated bilayer AuNPs
aggregate to form larger particles over time in the absence of 1-decanethiol. One
explanation for the broadening of plasmon resonance of POPC-coated bilayer

AuNPs in UV-vis spectrum is aggregation of particles.
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Figure 2.12 (A) TEM images of POPC-coated bilayer gold nanoparticles. Scale bar = 20 nm.
(B) Histogram for size distribution of 100 particles (bin size = 2 nm).

2.43  Hybrid Bilayer Gold Nanoparticles

Various types of phospholipid-coated hybrid bilayer AuNPs were
synthesized by partial exchange of phospholipid with 1-decanethiol as shown in
36

Scheme 2.2 by following the established procedure as described in reference.'

The number of gold atoms per 1-decanethiol used in synthesis of hybrid bilayer
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AuNPs was also estimated by using the procedure described previously.136 The
moles of lipids used in the synthesis of bilayer AuNPs is equal to the molar .
equivalent of gold (III) salt. The number of lipids exchanged per thiol was not
calculated since AuNPs were not purified after synthesis. The illustration shown in

Scheme 2.2 represents that multiple gold atoms stabilized inside liposome.

Scheme 2.2

W DI,
{

.‘0...0".

A )

Scheme 2.2 Synthesis of hybrid bilayer gold nanoparticles. (A) Phospholipid-coated bilayer
gold nanoparticles, B) hybrid bilayer.
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2.43.1 TEM Image Analysis of Various Types of Phospholipid-Coated

Hybrid Bilayer Gold Nanoparticles

TEM images of 1 mole % TG added samples of various types of
phospholipid-coated bilayer AuNPs after 1-decanethiol (20 nmol) exchange with
an optical density of 1.2 were studied. Particle size was analyzed by using software
imageJ. The histogram was obtained at window bin size 2 nm. The Apax of SPR of
various types of phospholipid-coated hybrid bilayer AuNPs used for TEM sample
preparation is as shown in Table 2.4. The TEM images of PG-coated hybrid bilayer
AuNPs did not show any aggregation in the grid (Fig 2.13(A)). After partial 1-
decanethiol exchange for PG-coated bilayer AuNPs, size analysis of 106
nanoparticles showed an average particle size of 6.9 nm + 2.6 nm. As shown in the
histogram (Fig 2.13(B)), tﬁe size distribution of these nanoparticles ranged from 2
nm to 14 nm and was narrow compared to other phospholipids-coated hybrid
bilayer AuNPs. The sharp plasmon resonance of PG-coated bilayer AuNPs in UV-

vis matched narrower size distribution as shown in histogram (Fig 2.13(B)).
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Figure 2.13 (A) TEM images of PG-coated hybrid bilayer gold nanoparticles. Scale bar = 20
nm. (B) Histogram for size distribution of 106 particles (bin size = 2 nm).

TEM images of 20 nmol 1-decanethiol exchanged of serine headgroup in
phospholipid-coated bilayer AuNPs were studied. The average particle size after 1-
decanethiol exchange in PS-coated hybrid bilayer AuNP was 9.9 nm + 3.7 nm in
diameter (Fig 2.14(A)). The histogram of 114 serine headgroup in phospholipid-

coated hybrid bilayer AuNPs ranges from 3 nm to 33 nm (Fig 2.14(B)). However,
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a majority of the particle sizes were between 6 nm and 14 nm and were spherical.
A few pyramidal nanoparticles were also observed in a few fields of the grid.

These images are not shown here.

(A)

(B)

Frequency
= =< N N O O &
o o0 O o1 O & O
L L L L i L ]

5

0 4 10 16 22 28 34 40
Core Diameter (nm)

Figure 2.14 (A) TEM images of PS-coated hybrid bilayer gold nanoparticles. Scale bar = 20
nm. (B) Histogram for size distribution of 114 particles (bin size = 2 nm).

TEM images of sphingomyelin-coated hybrid bilayer AuNPs (Fig

2.15(A)) showed spherical particles of average size 10.1 nm x 3.5 nm. The
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histogram of 109 sphingomyelin-coated hybrid bilayer AuNPs showed a broad
range of size distribution that ranged from 1 nm to 34 nm (Fig 2.15(B)). A few

triangles were also observed in some fields of the grid. Larger liposomes were also
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Figure 2.15 (A) TEM images of sphingomyelin-coated hybrid bilayer gold nanoparticles.
Scale bar = 20 nm (left image) and scale bar = 0.2 um (right image). (B) Histogram for size
distribution of 109 particles (bin size = 2 nm).
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visible in some fields of the grid and nanoparticles were visible inside the

liposomes (Fig 2.15(A) right image).

After converting to hybrid bilayer AuNPs by partial thiol exchange,
POPC-coated bilayer AuNPs changed from lilac to reddish purple, and they were
found to be more soluble in water. The SPR and color of nanoparticles are very
sensitive to particle aggregation.47 The SPR of POPC-coated hybrid bilayer AuNPs
was sharp and plasmon resonance shifted to the blue region, indicating that the
hybrid bilayer AuNP is more soluble and no aggregation of nanoparticles occurred
compared to POPC-coated bilayer AuNPs. TEM images of POPC-coated hybrid
bilayer AuNPs (Fig 2.16(A)) were obtained under similar conditions as for other
hybrid bilayer AuNPs. After the analysis of TEM images of 71 POPC-coated
hybrid bilayer AuNPs, the histogram (Fig 2.16(B)) of particles showed a narrow
size distribution compared to the POPC-coated bilayer AuNP (as shown in Fig
2.12(B)). The average size of POPC-coated hybrid bilayer AuNPs was found to be
9.9 nm + 2.6 nm. When compared the standard deivation of TEM images of
POPC-coated bilayer AuNP (12.2 nm * 4 nm), the hybrid bilayer AuNPs of POPC
showed high precision in size analysis and no aggregation in the TEM grid. The
plasmon resonance of POPC-coated hybrid bilayer AuNPs also shifted to a lower
wavelength (Apax = 534 nm) compared to POPC-coated bilayer AuUNPs (Apax = 542
nm), indicating that no aggregation of particles occurred after formation of hybrid

bilayer AuNPs.
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Figure 2.16 (A) TEM image of POPC-coated hybrid bilayer gold nanoparticles. Scale bar = 20
nm. (B) Histogram for size distribution of 71 POPC-coated hybrid bilayer gold nanoparticles
(bin size = 2 nm).

TEM images of DLPC-coated hybrid bilayer AuNPs showed a majority
of the small size particles in many fields of the TEM grid. The DLPC-coated
hybrid bilayer AuNPs showed a small number of flat rods and prisms in a few
fields of the TEM grid (Fig 2.17(A)). Small size particles were not analyzed
because of quality of TEM grid being used. Only the distinctly visible spherical
particles (Fig 2.17(B)) were picked for size analysis. Because a few prisms and flat
rods were seen in the TEM grid, these were not included in size analysis. Prism
and rod shape AuNPs usually shift plasmon resonance to longer wavelengths
compared to plasmon resonance of spherical AuNPs. However, a few prisms and
rod shaped nanoparticles seen in DLPC-coated hybrid bilayer nanoparticles did not

show any shift in SPR. Size analysis of 107 particles showed an average size of
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9.9 nm * 3.9 nm in histogram (Fig 2.17(C)) and the size distribution ranged from 2
nm to 25 nm. Nanoparticles were seen in a chain around the small liposome (Fig
2.17(B) right image). Interestingly, TEM images of liposomes of DLPC were
visible without any stain, and small liposomes were surrounded by many large
liposomes (these TEM images are not shown). Multilamelar liposome-like
structures were visible in TEM images and were found larger than 2000 nm in size

(images are not shown).
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Figure 2.17 (A) DLPC-coated triangle shaped hybrid gold nanoparticles seen in a few fields of
the grid. Scale bar = 20 nm. (B) TEM images of DLPC-coated hybrid bilayer gold
nanoparticles. Scale bar = 20 nm (left image) and scale bar = 0.2 um (right image). (C)

Histogram for size distribution of 107 hybrid bilayer gold nanoparticles (bin size = 2 nm).
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TEM images of the HyPC-coated hybrid bilayer AuNPs showed that the
majority of the particles were of smaller size (Fig 2.18(A)) and could not be
analyzed by the quality of the TEM grid being used. The analysis of larger and
clearly visible 107 particles showed an average size of 7.3 nm * 3.7 nm and a
broader size distribution in the histogram (Fig 2.18(B)). The br.oad SPR of the
HyPC-coated hybrid bilayer AuNPs in the UV-vis spectrum is possibly due to the
distribution of both small and large particles as seen in TEM images. Some
triangles and asymmetric particles were also observed in a few fields of the grid

(images are not shown).
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Figure 2.18 (A) TEM images of HyPC-coated hybrid bilayer gold nanoparticles. Scale bar =
20 nm. (B) Histogram for size distribution of 107 hybrid bilayer nanoparticles (bin size = 2

nm).

Phosphatidylethanolamine (PE) has a small headgroup, where only three
hydrogen atoms are attached to the nitrogen atom compared to bulkier headgroup

in PC. The small headgroup of PE prefers the non-lamellar inverted hexagonal
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phase.®8%%7 Thererfore, the small headgroup lipids do not tilt to form the stable
liposomes. The TEM images of DPPE-coated hybrid bilayer AuNPs showed an
asymmetric irregular shape and some spherical shaped nanoparticles (Fig 2.19).
The unusual shape in TEM could be due to the aggregation of particles or
precipitated liposome. Because of the aggregation of the particles, the size analysis
would be less accurate; for that reason, size analysis of DPPE-coated nmopaﬁicles

was not implemented.

Figure 2.19 TEM images of DPPE-coated hybrid bilayer gold nanoparticles. Scale bar = 20
nm. Left image (showing aggregation of particles), right image (both an aggregated and free
spherical nanoparticles). '
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The size analysis of TEM images of various types of phospholipid-coated
hybrid bilayer AuNPs showed small changes in size depending on the type of

phospholipids used in the AuNPs synthesis as shown in Table 2.4.

Table 2.4 Average size and Any Of various types of phospholipid-coated hybrid bilayer AuNPs

Types of p-hospholipids in hybrid Average particle size hara (D)
bilayer AuNPs (nm)
95% Soy PC 144 +42 530
POPC 99+2.6 534
HyPC 7.3 +3.7 547
DLPC _ 9.9+39 531
PG 6.9+2.6 528
PS 9.9+3.7 529
Sphingomyelin 10.1 £3.5 533

By varying the types of phospholipids in the synthesis of bilayer AuNPs
small changes in particle size were observed. In addition to the analysis of size of
the different types of phospholipid-coated hybrid bilayer AuNPs, the stability of
these particles was also of interest in this project and was tested in the presence of

KCN solution and is presented in section 2.4.4.
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2.4.3.2 Estimation of Thiol in Phospholipid-Coated Hybrid Bilayer Gold

Nanoparticles

Phospholipid-coated AuNPs were synthesized in aqueous medium.
HAuCly (10 umol) was dissolved in 3.4 mL water. Then, liposome (10 pmol in 4
mL) and sodium citrate (25 pmol in 0.98 mL) were prepared in water. The aqueous
solutions were combined and stirred. Initially, the solution was colorless and after
one hour transformation of gold salt to AuNPs was observed by the color change
of the solution. After one day of synthesis UV-vis spectra were recorded. The total
volume of AuNPs solution in water is 8.38> mL. Without further purification, 0.35
mL of the AuNPs solutions were diluted to 1 mL. At this dilution, absorbances of
an optical density 1.2 were recorded for most of phospholipid-coated bilayer
AuNPs synthesized in this research. Assuming total conversion of gold salt to

AuNPs, 0.35 mL of AuNPs solution is equivalent to 417 nmol of AuNPs.

A gold to lipid ratio is 1:1 during synthesis. The alkanethiol added to
AuNPs solutions is very small amount compared to phospholipid. Therefore partial
thiol exchange is expected for phospholipid. The 1-decanethiol (1 nmol, 5 nmol or
20 nmol) were added to the solution of phospholipid-coated bilayer AuNPs (417
nmol) of an optical density 1.2 and the total gold to thiol ratio in hybrid bilayer

AuNPs is as shown below.
For 1 nmol thiol exchanged, total gold: thiol ratio is 417:1.
For 5 nmol thiol exchanged, total gold: thiol ratio is 83:1.

For 20 nmol thiol exchanged, total gold: thiol ratio is 21:1.
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The total number of gold atoms in the nanoparticles can be calculated by using the
equation (N = 283.7 r?),3138139 where r is radius of nanoparticles and for an
average size (diameter) of 10 nm nanoparticles, r = 5 nm. For example, the total
number of gold atoms present in a nanoparticle of an average size 10 nm is about
35,000. For nanoparticles of an average size 10 nm, 15% of the gold atoms are
considerered on the surface of the particles. Therefore, gold atoms present on the
surface of nanoparticles are only 15% of 417 nmol, which is 62.6 nmol gold or
atoms per nanoparticles is about 5,300. It is expected partial thiol exchange takes
place only on surface of nanoparticles. Therefore, thiol is present only on the

surface of AuNPs.

Different amount of thiol was exchanged under similar conditions using
the same amount of bilayer AuNPs solutions (1 mL) of an optical density 1.2 (417
nmol), i.e., 62.6 nmol surface gold atom. The percentage of thiol present on the

surface gold atoms is calculated as shown below.

For 1 nmol thiol exchange, 1% of 62.6 nmol surface gold atoms = 0.62% surface

covered with thiol.

For 5 nmol thiol exchange, 5% of 62.6 nmol surface gold atoms = 3.13% surface

covered with thiol.

For 20 nmol of thiol exchange, 20% of 62.6 nmol surface gold = 12.5% surface

covered with thiol.
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After thiol exchange the various types of phospholipid-coated hybrid
bilayer AuNPs were tested for their stability. The following section presents the

stability of hybrid bilayer AuNPs in KCN.

2.4.4  Stability of Phospholipid-Coated Hybrid Bilayer Gold Nanoparticles

in KCN

The stability tests for various types of phospholipid-coated bilayer as well
as hybrid bilayer AuNPs in KCN were performed, following the procedure as
described previously.136 Hybrid bilayer AuNPs, formed after partial thiol exchange
for different concentrations of thiol (1 nmol, 5 nmol, 20 nmol), were obtained by
the addition of 1-decanethiol to bilayer AuNPs of an optical density 1.2. The
stability tests of various types of phospholipid-coated hybrid bilayer AuNPs was

performed without purification.

2.4.4.1 Stability of Different acyl chain Phospholipid-Coated Hybrid Bilayer

Gold Nanoparticles in KCN

For the case of 20 nmol 1-decanethiol-exchange in POPC-coated bilayer
AuNPs, the hybrid bilayer AuNP was found to be more soluble, ahd Amax Of the
plasmon resonance shifted from 542 nm to 534 nm. The “absorbance vs time”
graphs of the POPC-coated bilayer and the hybrid bilayer AuNPs of an optical
density 1.2 were monitored for an hour in KCN of 6 mM final concentration at

their Apa.x as shown in Fig 2.20(A). The POPC-coated bilayer AuNP was found to
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be less stable in 6 mM final concentration of KCN. On the other hand, for the 20

nmol 1-decanethiol-exchanged POPC-coated bilayer AuNPs solution of same

optical density, the hybrid bilayer AuNPs showed no decomposition for one hour,

indicating that the hybrid bilayer AuNPs were very stable to KCN etch.

(A)
14 1 POPC hybrid
12
o 1.0 1
2
g 0.8 j
5 06 POPC
204 1
<
0.2 :
0.0 . — . .
0 10 20 30 40 50 60
Time (min)
(€)
14
12 4 DLPC hybrid
o 1.0
(1
E 0.8 -
5 06
g 0.4
0.2 - DLPC
0.0 . : : : :
0 10 20 30 40 50

Time (min)

(B) _
1.4 ey HyPC hybrid
1.2 A
g 1.0
8087 HyPC
o 0.6 1
]
< 04 1
0.2 -
0-0 T T L} T 1 1
0 10 20 30 40 50 60
Time (min)
(D)
14 -
1.2 T Soy PC hybrid
8 1.0 -
8
g 0.8 1
9 06 1
£ 04 Soy PC
02
0.0

0 10 20 30 40 50 60
Time {min)

Figure 2.20 UV-vis “absorbance vs. time” experiments for 20 nmol 1-decanethiol exchanged
hybrid bilayer AuNPs for one hour in KCN (6 mM final concentration) (A) POPC-coated
hybrid bilayer nanoparticles (blue), POPC-coated bilayer nanoparticles (orange), (B) HyPC-
coated hybrid bilayer nanoparticles (blue) (KCN added after 5 min data collection in UV-vis),
HyPC-coated bilayer nanoparticles (orange), (C) DLPC-coated hybrid bilayer nanoparticles
(blue), DLPC-coated bilayer nanoparticles (orange), (D) 95% Soy PC-coated hybrid bilayer
(blue), 95% Soy PC-coated bilayer nanoparticles (orange).
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The POPC-coated bilayer AuNP decomposed 67% in one hour, and complete
disappearance of color took a couple of hours. The hybrid bilayer AuNPs were
found to be stable for an indefinite time at a final concentration of KCN (6 mM).
Since the kinetic studies of bilayer and hybrid bilayer AuNPs in KCN were carried
out without purification, an excess of phospholipid present in the bilayer AuNPs
solutions showed some scattering in graphs as shown by the non-zero baseline in

Fig 2.20.

For the case of 20 nmol thiol exchange as shown in Fig 2.20, all hybrid
bilayer AuNPs (blue traces in graph) remained stable in KCN whereas the
corresponding bilayer AuNPs of these were found to be unstable (red traces in
graph) under similar conditions and concentration of KCN. Fig 2.20(B) shows the
case where KCN was added after 5 min of initiating the data collection in bilayer
AuNPs so the graph showed decrease of absorbance only after 5 min. All hybrid
bilayer AuNPs shown in Fig 2.20 were found to be stable in KCN for an indefinite
amount of time. Only the DLPC-coated hybrid bilayer AuNP showed some
precipitate after several days. The relative stabilities of the hybrid bilayer AuNPs

in KCN are as shown in Table 2.5.

For the case of 5 nmol thiol exchange, various types of acyl chain
phospholipid-coated hybrid bilayer AuNPs showed decrease in stability towards
KCN compared to the case of nanoparticles with 20 nmol thiol exchanged under
similar conditions. The normalized absorbance vs. time graphs for various types of
phospholipid-coated hybrid bilayer AuNPs are shown in Fig 2.21(A). For

normalization purposes, the absorbance of completely decomposed (after one hour
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in 6 mM KCN) bilayer AuNPs of corresponding phospholipid-coated bilayer
AuNP was subtracted from the hybrid bilayer AuNPs. The percentage of stable
nanoparticles was calculated by using normalized absorbance of the hybrid bilayer
AuNP after one hour in KCN and the absorbance of corresponding hybrid bilayer
AuNP before KCN. For 5 nmol 1-decanethiol exchange, the bilayer AuNPs
decomposed about 10% in an hour at 6 mM final concentration of KCN. The
percentage of stable nanoparticles is as shown in Table 2.5. As compared to 20

nmol thiol exchanged, 5 nmol thiol exchanged particles were found less stable.
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Figure 2.21 UV-vis “absorbance vs. time” experiments (normalized) of different acyl chain
phospholipid-coated hybrid bilayer gold nanoparticles for one hour in KCN (final
concentration 6 mM); (A) 5 nmol thiol exchanged bilayer gold nanoparticles. POPC-coated
hybrid bilayer nanoparticles (purple), DLPC-coated hybrid bilayer nanoparticles (green),
HyPC-coated hybrid bilayer nanoparticle (red), 95% Soy PC-coated hybrid bilayer
nanoparticles (blue); (B) 1 nmol thiol exchanged hybrid bilayer nanoparticles. HyPC-coated
hybrid bilayer nanoparticles (purple), 95% Soy PC-coated hybrid bilayer nanoparticles (blue),
DLPC-coated hybrid bilayer nanoparticles (red), POPC-coated hybrid bilayer nanoparticle

(green).
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For the case of 1 nmol thiol exchange, various acyl chain phospholipid-
coated hybrid bilayer AuNPs exhibited different stabilities under similar conditions
and concentration of KCN (6 mM) as shown in Fig 2.21(B). Among the
phospholipids, HyPC-coated hybrid bilayer AuNP was found least stable at 1 nmol
1-decanethiol exchange for the same concentration of AuNPs solution and KCN.
However, all hybrid bilayer AuNPs formed after 1 nmol thiol exchange were found
more stable compared to corresponding phospholipid-coated bilayer AuNPs and all
1 nmol thiol exchange hybrid bilayer AuNPs lasted from 1 day to a few days. The
% stable hybrid bilayer AuNPs after 1 nmol 1-decanethiol exchange is shown in
Table 2.5. When compared to the hybrid bilayer AuNPs of HyPC, the DLPC-
coated hybrid bilayer AuNPs were found more stable at 1 nmol concentration of
1-decanethiol exchange. Both DLPC and HyPC are saturated phospholipids, but
they differ in acyl chain lengths. The hybrid bilayer AuNPs formed by using HyPC
with a long hydrophobic acyl chain was expected to have a higher stability. In
contrast, DLPC-coated hybrid bilayer AuNP with a shorter hydrophobic acyl chain
was found more stable compared to HyPC-coated hybrid bilayer AuNP at 1 nmol
thiol exchange. One possible explanation is that the synthetic phospholipids have a
higher purity when compared to natural phopholipids. HyPC obtained from eggs
contains not only HyPC but also other unsaturated lipids which could have

possibly affected the fluidity of the phospholipid bilayer.

At 1 nmol 1-decanethiol exchange, unsaturated phospholipids such as
POPC and 95% Soy PC-coated hybrid bilayer AuNP were found to have different

stabilities in KCN. 95% Soy PC and POPC differ in degrees of unsaturation in

167



their acyl chain. Furthermore, 95% Soy PC used in this research contains
numerous other PCs and also includes PE and other lipid impurities (described in
section 2.1.3). POPC-coated hybrid bilayer AuNPs were found more stable when
compared to 95% Soy PC-coated hybrid bilayer AuNPs. A possible explanation of
this is 95% Soy PC with various other lipid impurities could havé changed packing
of lipid bilayer allowing access to cyanide ions to AuNPs. Hypothetically,
unsaturated phospholipids form a more ordered bilayer, and have less fluidity,
whereas saturated phospholipids form a less ordered bilayer so the fluidity of the
phospholipid bilayer is high, which can allow more ions to pass through the lipid
bilayer. Although, acyl chain of POPC is less saturated than acyl chain of 95% Soy
PC because of other lipid impurities present in 95% Soy PC, AuNPs synthesized in

presence of 95% Soy PC showed low stability with KCN.

Among the phospholipids used in synthesis of AuNPs, synthetic POPC
resulted in the most stable bilayer and hybrid bilayer AuNPs. On the other hand,
HyPC has a long saturated tail compared to DLPC and was expected to have high
stability. In contrast, DLPC-coated hybrid bilayer AuNPs were found to be more
stable compared to HyPC-coated hybrid bilayer AuNPs. In particular, POPC and
DLPC are synthetic phospholipids with high degrees of purity. Even though POPC
is more saturated than 95% Soy PC, and DLPC has a shorter tail than HyPC, the
hybrid bilayer AuNPs synthesized by using these lipids are found more stable
compared to HyPC and 95% Soy PC-coated hybrid bilayer AuNPs due to other

lipid impurities present in these lipids.
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2.4.4.2 Stability of Different Headgroups in Phospholipid-Coated Hybrid

Bilayer Gold Nanoparticles in KCN

Ditferent headgroups of phospholipids-coated hybrid bilayer AuNPs
solution at 20 nmol of thiol exchange for optical density 1.2 of bilayer
nanoparticles were also tested in KCN solution. The “absorbance vs. time” graphs
(Fig 2.22) of hybrid bilayer AuNPs for one hour at final concentration of KCN (6

mM) was studied.
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Figure 2.22 UV-vis “absorbance vs. time” experiments of different headgroups in
phospholipid-coated hybrid bilayer gold nanoparticles one hour in KCN (final concentration 6
mM). Hybrid bilayer gold nanoparticles formed by exchange of 20 nmol 1-decanethiol in
bilayer nanoparticles solutions of an optical density 1.2. (A) PS-coated hybrid bilayer
nanoparticles (blue), PS-coated bilayer nanoparticles (orange); (B) PG-coated bilayer
nanoparticles (blue), PG-coated hybrid bilayer nanoparticles (orange); (C) sphingomyelin-
coated bilayer nanoparticles (blue), sphingomyelin-coated hybrid bilayer (orange).
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After 10 nmol to 20 nmol 1-decanethiol exchange of an optical density 1.2,
the various types of headgroup phospholipid-coated hybrid bilayer AuNPs showed
the same stability. The 10 nmol thiol exchanged “absorbance vs. time” graphs for
one hour in KCN were also similar to the 20 nmol thiol exchanged case (data are
not shown here). All different headgroup phospholipid-coated hybrid bilayer
AuNPs at 20 nmol of thiol exchanged for optical density of 1.2 were found very

stable (Table 2.5).

The “absorbance vs. time” graphs of different headgroup phospholipid-
coated hybrid bilayer AuNPs were also obtained at 5 nmol and 1 nmol
1-decanethiol exchange for different headgroup in phospholipid-coated bilayer
AuNP solutions of an optical density of 1.2 in KCN. These graphs were
normalized (Fig 2.23(A) and Fig 2.23(B)) and the percentage of stable hybrid
bilayer nanoparticles was calculated. This was done in a manner analogous to that

applied to the phospholipid-coated hybrid bilayer AuNPs with different acyl chain.

For the 5 nmol 1-decanethiol exchange case, various types of headgroup
in phospholipid-coated hybrid bilayer AuNPs showed only a small decomposition

at the final concentration of KCN (6 mM) in one hour (Fig 2.23(A)).

For 1 nmol 1-decanethiol exchange case, negative headgroup PS and PG-
coated hybrid bilayer AuNPs were found less stable when compared to the neutral
headgroup as shown in Fig 2.23(B). The presence of charge in the headgroup

showed greater instability toward KCN.
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Figure 2.23 UV-vis “absorbance vs. time” graphs (normalized) of different headgroups in
phospholipid-coated hybrid bilayer gold nanoparticles at final concentration of KCN (6 mM)
for one hour. (A) Hybrid bilayer nanoparticles formed after 5 nmol 1-decanethiol exchanged
for bilayer nanoparticle solution of an optical density 1.2; sphingomyelin-coated hybrid bilayer
nanoparticles (blue), PS-coated hybrid bilayer nanoparticles (red), PG-coated hybrid bilayer
nanoparticles (green). (B) Hybrid bilayer nanoparticles formed after 1 nmol 1-decanethiol
exchange for bilayer nanoparticles solution of an optical density 1.2; sphingomyelin-coated
hybrid bilayer nanoparticles (blue), PS-coated hyrbrid bilayer nanoparticles (red), PG-coated
hybrid bilayer nanoparticles (green).

However, at 20 nmol and 5 nmol 1-decanethiol exchange, all different
headgroup phospholipid-coated hybrid bilayer AuNPs showed similar stability in
KCN. Only at 1 nmol thiol exchange sphingomyelin-coated hybrid bilayer AuNP
showed higher stability compared to glycerol and serine headgroups phospholipid-

coated hybrid bilayer AuNPs.

All different types of hybrid bilayer AuNPs at 1 nmol 1-decanethiol
exchange were found more stable compared to corresponding bilayer AuNPs.
However, when compared to neutral headgroups, sphingomyelin was found to

have higher stability compared to serine and glycerol headgroup in phospholipids-
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coated hybrid bilayer AuNPs. A possible explanation of this is that amide in
sphingomyelin headgroup formed strong hydrogen bonding which accessed less

cyanide ion compared to glycerol and serine headgroups phospholipids.

Among various types of acyl chain and headgroups phospholipid-coated
nanoparticles, the POPC and sphingomyelin-coated hybrid bilayer AuNPs were
found the most stable at a low concentration of 1-decanethiol exchange (1 nmol)
for gold solution of an optical density of 1.2. These hybrid bilayer AuNPs were
found stable for a few days. However, other various types of phospholipids-coated

hybrid bilayer AuNP at 1 nmol thiol exchanged lasted from a few hours to one day.
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Table 2.5 Comparative stability of various types of hybrid bilayer AuNPs at different
concentrations of 1-decanethiol exchange in solution of bilayer AuNPs of an optical density
1.2 in KCN final concentration 6 mM.

Types of % stable % stable % stable % stable

phospholipid | AuNPs after AuNPs after 5 | AuNPs after AuNPs in

in bilayer 20 nmol thiol | nmol thiol 1 nmol thiol absence of

gold exchange exchange exchange thiol after

nanoparticle | after one hour | after one after one hour | one hour
in KCN hour in KCN | in KCN in KCN

HyPC 100 91.0 1.8 0

PG 100 93.0 19.8 5.7

PS 100 93.0 27.5 7.3

DLPC 100 89.0 35.7 8.0

95% Soy PC 100 86.0 242 16.0

Sphingomyelin | 100 89.3 529 18.5

POPC 100 93.0 65.5 333

Hydrophobic thiols are rivals of small head group phospholipids, which

could play crucial role in changing curvature in lipid membranes. It is expected

that partial thiol exchange in a lipid bilayer lowers the density of the bilayer

assembly and could possibly change the lipid curvature. This project has shown the

effect of a partial thiol exchange in various types of phospholipids-coated bilayer

AuNPs and the increase in stability of the nanoparticles when phospholipids are

partially exchanged with hydrophobic alkanethiol. Furthermore, this research has

tuned the stability of various types of phospholipid-coated bilayer AuNPs by

partial thiol exchange. Hybrid bilayer with submonolayer of hydrophobic thiol at
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gold: 1-decanethiol ratio of 21:1 formed stable nanoparticles for various types of
phopholipids. Possible explanation for the formation of stable hybrid bilayer
AuNPs is that when phospholipid was exchanged with hydrophobic alkanethiol, it
decreased the density of bilayer. The presence of alkanethiol in the monolayer
packed the monolayer more tightly. When 12.5% of the submonolayer consists of
1-decanethiol compared to the surface gold atoms, the nanoparticles became very
stable. Possibly, 1-decanethiol changed the lipid curvature as mentioned in the
prior section (2.1.3.1 Lipid Curvature) and the tightly packed lipid monolayer
helped to prevent an access of cyanide ions into the AuNPs. Furthermore, at
gold: 1-decanethiol ratio of 417:1, i.e., 0.62% submonolayer coverage of 1-
decanethiol on surface gold atoms, and gold: 1-decanethiol ratio of 83:1, i.e.,
3.13% submonolayer coverage of 1-decanethiol on surface gold atoms, the hybrid
bilayer AuNPs stability increased when compared to corresponding phospholipid-
coated bilayer AuNPs. To conclude, at optimum amount of alkanethiol exchange
(i.e., gold: 1-decanethiol ratio of 21:1), 12.5% coverage of surface gold atoms with
1-decanethiol, all hybrid bilayer AuNPs became remarkably stable toward KCN
etching and showed no drop in initial absorbance of these particles (Fig 2.20 & Fig

2.22).
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2.4.5 lodine Stability Tests of Various Types of Hybrid Bilayer Gold

Nanoparticles

The stability of various types of phospholipid-coated bilayer and hybrid
bilayer AuNPs was studied in presence of iodine. The “absorbance vs. time”
graphs for various types of bilayer and hybrid bilayer AuNPs were obtained at their
Amax. Hybrid bilayer AuNPs solutions of an optical density of 1.2 formed after 20
nmol thiol exchange were tested in the final concentration of iodine (1 pM) (Fig
2.26). The addition of iodine solution changed the shape and size of the monolayer

protected nanoparticles.">

In this project, iodine (1 nmol) was added to the hybrid
bilayer AuNPs (417 nmol) which is 21.4-fold in excess of AuNPs as compared to

amount of iodine previously reported.13 % However, neither particle shape changed

nor was particles’ aggregation observed in excess of iodine.

2.4.5.1 lodine Stability Tests of Various Types of Acyl Chain Phospholipid-

Coated Hybrid Bilayer Gold Nanoparticles

For 20 nmol 1-decanethiol exchanged case, POPC-coated and 95% Soy
PC-coated hybrid bilayer AuNPs showed a decrease in absorbance in one hour at
their Ama in final concentration of iodine (1 M) as shown in Table 2.6; it could be
due to plasmon resonance broadening and the shift of plasmon resonance toward
the red region. The addition of iodine to the unsaturated acyl chain of phospholipid
could have possibly added in a double bond which could change the acyl chain

structure; as a consequence changes in the packing of lipid bilayer might have
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taken place. The UV-vis spectra of 95% Soy PC-coated hybrid bilayer AuNPs in
the presence of iodine are shown in Fig 2.24. After the addition of iodine,
scattering was observed in spectra during the first few min. During the addition of
iodine, AuNP solution became cloudy and maximum scattering was observed in 2
min. When the solution was stirred for a few minutes, it became transparent, and
scattering was not observed. The plasmon resonance of 95% Soy PC-coated hybrid
bilayer AuNP was found to be broad and shifted to the red region after one hour in

iodine (as shown in Fig 2.24).

14
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Figure 2.24 UV-vis of 95% Soy PC-coated hybrid bilayer gold nanoparticle before and after
iodine final concentration 1 uM. a — 95% Soy PC-coated hybrid bilayer before iodine, b —
scattering of 95% Soy PC-coated hybrid bilayer AuNP 4 min in iodine, ¢ — 95% Soy PC-
coated hybrid bilayer AuNP one hour in iodine.
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TEM images of 95% Soy PC-coated hybrid bilayer AuNPs were taken
after one day in the presence of iodine. The TEM images of these AuNPs in the
iodine final concentration 1 pM, are shown in Fig 2.25(A). A few fields in the grid
showed an aggregation of particles whereas most of the fields in the grid did not
show any aggregation. Size analysis of 101 particles showed an average size of
13.6 nm * 4.5 nm. The histogram obtained at bin size 2 nm is shown in Fig 2.25(B)
displaying a broad distribution of particles similar to the previous histogram (Fig

2.11(B)) of 95% Soy PC-coated hybrid bilayer AuNPs in the absence of iodine.

(A) (B)
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Figure 2.25 (A) TEM images of 95% Soy PC-coated hybrid bilayer nanoparticles with iodine
(1 uM final concentration). Scale bar = 20 nm. (B) Histogram of 101 nanoparticles in iodine
(bin size = 2 nm).
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The stability of POPC-coated bilayer and hybrid bilayer AuNPs were
studied under similar final concentration of iodine (I wM) and conditions. The
POPC-coated hybrid bilayer AuNP in iodine (Fig 2.26(C)) showed a very small
decomposition of nanoparticles at Apx 534 nm and a red shift in plasmon

resonance, as in 95% Soy PC (spectra not shown of POPC). Bilayer AuNPs and
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Figure 2.26 “Absorbance vs. time” graphs of different acyl chain phospholipid-coated bilayer
and hybrid bilayer gold nanoparticles at 1 uM final concentration of iodine for one hour. (A)
HyPC-coated hybrid bilayer nanoparticles (blue), HyPC-coated bilayer nanoparticles (red); (B)
DLPC-coated hybrid bilayer nanoparticles (red), DLPC-coated bilayer nanoparticles (blue);
(C) POPC-coated hybrid bilayer nanoparticle (red), POPC-coated bilayer nanoparticle (blue);
(D) 95% Soy PC-coated hybrid bilayer nanoparticle (blue), 95% Soy PC-coated bilayer
nanoparticle (red).
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hybrid bilayer AuNP of HyPC (Fig 2.26(A)) and DLPC (Fig 2.26(B)) were stable

at 1 uM final concentration of iodine for one hour.

The UV-vis spectra of DLPC and HyPC-coated hybrid bilayer AuNPs
solution before and after one hour in iodine are shown in Fig 2.27. After addition
of iodine, scattering was observed in the spectra for a few minutes. The plasmon
resonance of hybrid bilayer AuNPs of DLPC shifted significantly to the red region,
and was found to be broad after one hour in iodine (Fig 2.27(A)). It could be due to
aggregation of particles in presence of iodine. However, the UV-vis spectra of
HyPC-coated hybrid bilayer AuNPs (Fig 2.27) did not show a red shift in plasmon
resonance but the plasmon resonance decreased in intensity after an hour in iodine
final concentration 1 pM. As compared to other phospholipids, DLPC has a short
tail so a possible reason for shift in plasmon resonance is aggregation. An iodide
ion can replace a DLPC liéand much easier compared to a long tail HyPC, and can

adsorb in AuNP surface which results in the aggregation of particles.
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Figure 2.27 UV-vis spectra of hybrid bilayer gold nanoparticles. a — before iodine, b — 2 min
in iodine, ¢ — one hour in iodine. (A) DLPC-coated hybrid bilayer gold nanoparticles, (B)
HyPC-coated hybrid bilayer gold nanoparticles.

2.4.5.2 Stability Tests of Different Headgroups in Phospholipid-Coated

Hybrid Bilayer Gold Nanoparticles in Iodine

“Absorbance vs. time” graphs of bilayer and hybrid bilayer AuNPs of
various types of headgroup phospholipids in the presence of iodine (1 uM) for an
hour is as shown in Fig 2.28. The absorbance at their Ay.x was collected every 30
seconds for an hour. The initial increase in absorbance (Fig 2.28(A), Fig 2.28(C))
was due to the scattering right after the addition of iodine. However, in the serine
headgroup phospholipid-coated AuNPs graph (Fig 2.28(B)), absorbance was
collected after 5 min in iodine and did not show scattering in graph. The graphs

(Fig 2.28) after one hour in iodine showed small drops in absorbance of AuNP
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compared to the initial absorbance which could be due to the plasmon resonance

shift of nanoparticles.
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Figure 2.28 UV-vis time experiments. “Absorbance vs. time” graphs of different headgroups
in phospholipid-coated bilayer and hybrid bilayer gold nanoparticles at 1 pM final
concentration of iodine for one hour. (A) PG-coated bilayer gold nanoparticless (blue), PG-
coated hybrid bilayer nanoparticles (red); (B) PS-coated hybrid bilayer nanoparticles (red), PS-
coated bilayer nanoparticles (blue); (C) sphingomyelin-coated hybrid bilayer nanoparticle
(red), sphingomyelin-coated bilayer nanoparticle (blue).

The UV-vis spectra (Fig 2.29) of hybrid bilayer AuNPs of sphingomyelin

and glycerol headgroup in phospholipids showed a small red shift of SPR in an
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hour at final concentration of iodine (1 uM), but the intensity of plasmon
resonance was not decreased. The spectra of PG and sphingomyelin-coated hybrid
bilayer AuNPs before and after iodine are as shown in Fig 2.29(A) and Fig 2.29(C)
respectively. Initial increases in absorbance in all spectra were due to scattering as
discussed in the stability test of 95% Soy PC-coated hybrid bilayer AuNP with
iodine. After one hour in iodine, a drop in absorbance was not observed for PG or
sphingomyelin-coated hybrid bilayer AuNP at their An.x. Further, the intensity of a
red-shifted plasmon resonance indicated that absorbance of AuNPs did not change.
In sphingomyelin, amide linkage and hydroxyl group of glycerol backbone interact
to form hydrogen bond which could lead highly ordered gel phase compared to
choline headgroup lipids.78 The intramolecular hydrogen bond formed between
ligands and the strength of the bond decreased as the amide functionality was
moved further away from nanoparticle surface.” In this research, amide in
sphingomyelin and hydroxyl in glycerol headgroup in phospholipid changed the
fluidity of bilayer AuNP possibly by the formation of the hydrogen bond between

ligands which do not allow iodide ions to adsorb on AuNPs surface.
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Figure 2.29 UV-vis spectra of different headgroup in phospholipid-coated hybrid bilayer gold
nanoparticles formed at 20 nmol thiol exchange. a — before iodine, b — 2 min in iodine final
concentration 1 pM, ¢ — one hour in iodine final concentration 1 pM; (A) PG-coated hybrid
bilayer nanoparticles, (B) PS-coated hybrid bilayer nanoparticles, and (C) sphingomyelin-

coated hybrid bilayer nanoparticles.

Similarly, “absorbance vs. time” graphs of both hybrid bilayer and bilayer
AuNPs of a serine headgroup phospholipid in the presence of iodine was measured
at their An.x (Fig 2.28(C)). As compared to the serine headgroup coated bilayer
AuNPs, the hybrid bilayer AuNPs showed a small drop in absorbance in an hour.

The spectra of hybrid bilayer AuNPs before and after an hour in iodine are shown
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in Fig 2.29(B). However, the plasmon resonance of serine headgroup coated hybrid

bilayer AuNPs did not show a significant red shift as compared to other

phospholipids. A serine headgroup in phospholipid has a double bond in acyl

chain. Thus, iodine could possibly add on double bond. As a result, the structure of

the acyl chain changes which changes lipid fluidity. But a serine headgroup in

phospholipid does not have any hydrogen bond forming functional group so iodide

ions could easily access the gold surface.

Table 2.6 Stability of various types of phospholipid-coated bilayer and hybrid bilayer AuNPs
one hour in iodine final concentration 1 uM at their Ay, Hybrid bilayer AuNP of an optical
density 1.2 was formed after 20 nmol thiol exchange.

Types of phospholipid in Stable bilayer Stable hybrid bilayer
AuNPs synthesis AuNPs after one | AuNPs after one
hour in iodine hour in iodine

95% Soy PC 74.0% 76.0%

POPC 66.0% 75.0%

DLPC 81.0% 66.0%

HyPC 90.0% 95.7%
Sphingomyelin 74.0% 95.0%

PS 81.7% 80.5%

PG 83.0% 100.0%

From the iodine stability study, various types of bilayer and hybrid

AuNPs with submonolayer of hydrophobic alkanethiol did not show much
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difference in stability with iodine in an hour. However, a small shift in SPR to the
red region was observed in UV-vis spectra for 95% Soy PC, POPC, DLPC, PG,
and sphingomyelin-coated hybrid bilayer nanoparticles. A decrease in absorbance
was observed for HyPC and PS-coated hybrid bilayer AuNPs without a shift in

SPR in presence of excess iodine.
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2.5 CONCLUSIONS

In this project, seven different types of phospholipid-coated bilayer
AuNPs and their corresponding hybrid bilayer AuNPs were synthesized by using
both natural and synthetic phospholipids. The size of various types of
phospholipid-coated hybrid bilayer AuNPs ranged from 6.9 nm to 14.4 nm. TEM
image analysis showed an average size of 6.9 nm for PG-coated hybrid bilayer
AuNPs and 14.4 nm for 95% Soy PC-coated hybrid bilayer AuNPs. The synthesis
of POPC, DLPC, PS, and sphingomyelin-coated hybrid bilayer AuNPs resulted in
an average size of 9.9 nm to 10.1 nm. The small size change of the nanoparticles
was observed with variation of headgroups, acyl chain lengths, or degrees of

saturation in phospholipids.

The stability of various types of phospholipid-coated AuNPs was tuned
by exchanging. different concentration hydrophobic alkanethiol for the same
concentration of nanoparticle solutions. At the optimum concentration of thiol
exchange relative to the total atoms of gold: 1-decanethiol ratio of 21:1, various
types of phospholipids-coated hybrid bilayer AuNPs became remarkably stable. At
this ratio both natural and synthetic phospholipid-coated_ hybrid bilayer
nanoparticles were stable in KCN (6 mM) for an indefinite time. At a low
concentration of thiol exchange, natural and synthetic phospholipid-coated AuNPs
varied in stability. The synthetic phospholipid-coated AuNPs showed higher
stability compared to natural phospholipid-coated AuNPs at low concentration of

thiol exchange for a gold: 1-decanethiol ratio of 417:1.
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Lastly, the stability of various types of natural and synthetic
phospholipid-coated hybrid bilayer AuNPs was tested in the presence of excess
iodine. Noticeable aggregation of stable hybrid bilayer particles was not observed
in TEM images, and neither size nor shape was changed in the presence of excess

iodine.

187



2.6 FUTURE DIRECTIONS

Having developed a method for synthesis of the stable hybrid bilayer
AuNPs, the next logical step is to use them in an application, for example,
micropatterning. The micropatterned fluid membrane has received increasing
interests in microlithography.'® The stable hybrid bilayer AuNPs can be applied in
micropatterning by microfabrication or microcontact printing method. Further,
protein can be tethered in micropattern for the purpose of monitoring the activities
of biological membrane. Furthermore, various types of phospholipid-coated hybrid
bilayer nanoparticles (;,an be applied in the formation of the solid-supported lipid
bilayer, which have potential uses in the design of biosensors. The optimum
amount of 1-decanethiol, used to form stable hybrid bilayer AuNPs, could be
extended to a variety of other metal nanoparticles, for example silver or magnetic
nanoparticles. Moreover, thiol-modified biomolecules such as aptamers can be
functionalized in bilayer AuNPs by utilizing the optimum amount of thiol
calculated to obtain stable particles in this research. Additionally, the tuning of
stability of various thiol-modified biomolecule functionalized nanoparticles will be

an interesting area of research for their potential applications in biomedicine.
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APPENDICES (CHAPTER 1)

Appendix A: Synthesis of Mono-Carboxy Dithia Core-Modified Porphyrin (18).

Synthesis of 18 was based on literature procedure®” with minor

modifications as described below.

(@ Synthesis of 2-[1-(4-methoxyphenyl)-1-hydroxymethyl]thophene (9)

Dry hexane (30 mL) was transferred to a two neck flask, fitted with a
condenser and rubber septum under nitrogen. Then, TMEDA (4.52 mL, 30 mmol)
was transferred into the flask via syringe. Subsequently, n-BuLi in hexane (18.7
mL, 1.6M in hexane, 30 mmol) was transferred into a measuring cylinder via
cannula and was gradually added to the reaction flask via another cannula under
nitrogen pressure. Then, the reaction mixture was stirred for an hour. Next,
thiophene (2.42 mL, 30 mmol) was gradually added into the flask with a syringe.
The combined reaction mixture was refluxed for 2 h and brought to room
temperature. Then, the flask was cooled at room temperature. Another flask was
fitted with a pressure equalizing additioh funnel and rubber septum under nitrogen.
Anisaldehyde (3.28 mL, 27 mmol) was dissolved in THF (20 mL) under nitrogen
and transferred to a flask fitted with the pressure equalizing addition funnel and the
flask was cooled at O °C in an ice bath. Then, the reaction mixture was transferred
to the pressure equalizing funnel via cannula, and was gradually added to the

anisaldehyde by the control of funnel stopper. After the addition of the reaction
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mixture, it was stirred at room temperature for an hour. Subsequently, the reaction
was quenched with saturated ammonium chloride (30 mL). The aqueous layer was
extracted with diethyl ether (30 mL). The combined organic layers were washed
with water (50 mL x 3), followed by brine (30 mL) and the organic layer was dried
over MgSO,. The solvent was evaporated in a rotary evaporator. The collected
crude product was dissolved in a minimum quantity of diethyl ether. Then, hexane
was added gradually to the diethyl ether solution until turbidity was seen. The
crystallized compound 9 was a white solid (4.12 g) and yielded in 62.5%. '"H NMR

(90 MHz, CDCl3): 6 3.76 (s, 3H), 6.0 (s, 1H), 6.72-7.10 (m, 4H), 7.32-7.51(m, 4H).

(a) Synthesis of 2-[1-(4-methoxyphenyl-1-(tert-butyldimethylsilyl-

oxy)methyl)thiophene (10)

Compound 9 (2.29 g, 10 mmol) in two neck flask was dissolved in
CH,Cl; (60 mL) under nitrogen. Then, DMAP (1.22 g, 10 mmol) and TBDMSCI
(3.48, 30 mmol) were transferred to the flask. Subsequently, triethylamine (4.18
mL) was added to flask and the combined mixture was stirred at O °C for 2 h. Then,
the flask was warmed to room temperature and the mixture was stirred for 24 h.
Next day, the reaction mixture was washed with 5% NaHCOQO; (50 mL x 3),
followed by water (100 mL x 3) and brine (30 mL). The crude product obtained
after evaporation of the solvent was purified in a short silica column by eluting it
with ethyl acetate/hexane (1:2). After column purification, a few drops of toluene
was added and dried in vacuo overnight to get rid of the smell of triethylamine.

The compound 10 (2.8 g) yielded in 83.0%. '"H NMR (90 MHz, CDCl5): § 0.1-0.2
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(m, 6H), 1.0 (s, 9H), 3.76 (s, 3H), 6.0 (s, 1H), 6.77-6.98 (m, 4H), 7.21-7.48 (m,

4H).

(b) Synthesis of 2-[1-(4-methoxyphenyl)-1-tert- butyldimethylsilyloxy) methyl]-

5-(1-phenyl-1-hydroxymethyl)thiophene (11).

Dry hexane (10 mL) was added to compound 10 2-[1-(4-methoxyphenyl-
1-(tert-butyldimethylsilyl-oxy)methyl)thiophene (334 mg, 0.99 mmol) in a flask
under nitrogen, followed by addition of TMEDA (110 pL, 1.18 mmol) and n-BuLi
(0.73 mL 1.6M in hexane, 1.18 mmol). The reaction mixture was stirred at room
temperature for 1.5 h under nitrogen. Benzaldehyde (108 uL, 0.99 mmol) in dry
THF (10 mL) was chilled on ice for 15 min in another flask under nitrogen. Then,
the reaction mixture was withdrawn via syringe and added gradually to the
benzaldehyde solution at O °C. After addition, the reaction mixture was stirred at
room temperature for 1.5 h. Then, it was quenched with saturated ammonium
chloride solution (25 mL) and an aqueous layer was extracted with diethyl ether
(20 mL x 2). The organic layers were combined and washed with water (20 mL X
3), followed by brine (10 mL) and dried over MgSOy4. The crude product obtained
was separated on a Chromatotron using 5% ethyl acetate in hexanes. The third
band from the Chromatotron was collected and, after removal of the solvent, was
dried to yield a colorless solid (148 mg, 56%). 'H NMR (500 MHz, CDCl5): & -
0.045 (s, 3H), 0.051 (d, 3H, J = 3 Hz), 0.91 (s, 9H), 3.79 (s, 3H), 5.86 (s, 2H),

5.95 (d, 1H, J = 5 Hz), 6.51-6.52 (d, 1H, J =5 Hz), 6.54 - 6.55 (d, 1H, J = 5 Hz),
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6.61 (t, 1H, J = 5 Hz), 6.84 (d, 2H, J = 10 Hz), 7.30 (d, 3H, J = 10 Hz), 7.35 (,

2H), 742 (d, 2H, J = 5 Hz).

(c) Preparation of 2-(1-(4-methoxyphenyl)-1-hydroxymethyl]-5-(1-

phenyl-1-hydroxymethyl)thiophene (12).

Compound 12 (148 mg, 0.36 mmol) was dried ir vacuo in a 100 mL flask
and flushed with nitrogen. THF (3 mL) and tetrabutylammonium fluoride (TBAF)
(0.45 mL, 1M in THF) were added into the flask and the reaction mixture was
stirred at room temperature for 12 h. Subsequently, the reaction mixture was
partitioned into saturated ammonium chloride (10 mL) and extracted with ether (10
mL x 3). The combined ether layers were washed with water (10 mL x 3) and
brine (5 mL), dried over MgSO,, and the solvent was removed in vacuo. The
crude product was purified by Chromatotron using ethyl acetate/hexanes (1:4) to
yield a white solid (106 mg, 90.5%). 'H NMR (500 MHz, CDCl;): 8 5.96 (s, 1H),
5.92 (s, 1H), 6.69 (s, 1H), 6.80 (d, 2H, J = 10 Hz), 7.40 (d, 2H, J = 10 Hz), 7.30

(m, SH), 3.70 (s, 3H), 2.39 (s, 1H), 2.33 (s, 1H).

d Synthesis of 2,5-bis(phenylhydroxymethyl)thiophene (13)

Dry hexane (70 mL) was transferred to a two neck flask fitted with a
condenser and a rubber septum. TMEDA (3.6 mL, 24 mmol) was transferred
followed by n-BuLi (24 mmol, 14.93 mL 1.6M in hexane) under nitrogen. The
combined mixture was stirred for 30 min. Then, thiophene (0.8 mL, 10 mmol) was
gradually added to the flask with a syringe. The combined mixture was refluxed

for an hour, and cooled down to room temperature. Benzaldehyde (2.03 mL, 20
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mmol) in THF (25 mL) was transferred to a reaction flask fitted with a pressure
equalizing addition funnel. Subsequently, the reaction mixture was transferred to
the addition funnel via cannula and gradually added into the reaction flask chilled
at 0 °C in an ice bath by the control funnel stopper. After the addition, the reaction
flask was warmed to room temperature and stirred for an hour. Next, the reaction
was quenched by adding saturated ammonium chloride (80 mL). The aqueous
layer was extracted with diethyl ether (30 mL) and the combined organic layer was
washed with water (50 mL x 3), followed by brine (20 mL). The organic layer was
dried over MgSO, and the solvent was evaporated in a rotary evaporator. The
crude product was crystalized from chloroform, followed by recrystalization from
ethyl acetate and hexane. The compound 13 (1.17 g) was yielded in 39.5%. The

physical and spectroscopic properties matched to values given in literature.®’

(e) Synthesis of 2,5-bis(1-phenyl-1-pyrrolomethyl)thiopehene (14)
Compound 13 (0.60 g, 2 mmol) in a one neck flask was dried in vacuo
and flushed with nitrogen. Pyrrole (6 mL) was transferred into the flask and stirred
at room temperature for 30 min. Then, boron trifluoride diethyl etherate (0.2 mL, 2
mmol) was gradually added to the flask with a syringe. The color of the combined
mixture in the flask was changed to yellow, and it was stirred at room temperature
for an hour. Subsequently, CH,Cl, (50 mL) was added into the flask and the
reaction mixture was quenched with 40% NaOH (12 mL). Then, the organic layer
was washed with water (50 mL x 3) followed by brine (12 mL). The solvent was
evaporated and crude product was purified in a silica column by eluting it with

ethyl acetate/hexane (1:3). The first yellow band was collected and the solvent was
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evaporated. The product was dried in vacuum and viscous yellow mass weighed
(0.88 g) yielded in 97.2%. The spectroscopic properties matched to values given

in literature.%

® Synthesis of 5-(4-methoxyphenyl)-10,15,20-triphenyl-21-23-

dithiaporphyrin (15).

Compound 13 (36 mg, 0.11 mmol), 2,5-bis(1-phenyl-1-
pyrrolomethyl)thiophene 14 (43 mg, 0.11 mmol) and tetrachloro-1,4-benzoquinone
(TCBQ) (108 mg, 0.44 mmol) were added to a two-neck 100 mL flask and fitted
with a condenser. The flask was flushed with nitrogen, CH,Cl; (5 mL) was
injected, and the mixture was stirred for a few minutes at room temperature. Boron
trifluoride diethyl etherate (7 puL, 0.05 mmol) was injected via syringe, and the
mixture was stirred for an hour at room temperature. Then, the reaction mixture
was refluxed for an hour. Subsequently, the mixture was concentrated on a
rotavapor and the black crude product was purified over an alumina column eluting
it with CH,Cl,. The first red band was collected. After the solvent was removed in
vacuo, the solid was crystallized from CH,Cl,/methanol to yield a purple solid (18
mg, 24.3%). 'H NMR (500 MHz, CDCl3): § 4.10 (s, 3H), 7.36 (d, 2H, J = 5 Hz),
7.80 (s, 8H), 8.18 (d, 2H, J = 5 Hz), 8.25 (d, 6H, J = 5 Hz), 8.68 (s, 3H), 8.71(d,

1H, J =5 Hz).
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(2 Synthesis of 5-(4-hydroxyphenyl)-10,15,20-triphenyl-21,23-

dithiaporphyrin (16).

Compound 15 (29 mg, 0.042 mmol) was dried in vacuo, dissolved in
CH,Cl,, and chilled on ice for 15 min. Boron tribromide (0.419 mL, 1M in
CH,Cl,) was injected into the flask and stirred at room temperature for 6 h. The
lsolvent was evaporated from the reaction mixture and the crude product was
dissolved in a minimum quantity of CH,;Cl,. A few drops of toluene were added to
induce crystallization of a purple solid (18 mg, 66.6%). 'H NMR (500 MHz,

CDCl3) matched values reported in the literature.5’

(h) Synthesis of ethyl-5-(4-carboxylatomethoxy)-10,15,20-triphenyl-

21,23-dithiaporphyrin (17).

Compound 16 (14 mg, 0.021 mmol) was dried in vacuo. K;CO; (116 mg,
0.84 mmol) and KI (14 mg, 0.084 mmol) were added. DMF (1.5 mL) and CH,Cl,
(2 mL) were added to the reaction mixture and the flask was flushed with nitrogen.
2-Chloroethyl acetate (30 pL, 0.021 mmol) was added and the reaction mixture
was refluxed for 3.5 h. The reaction mixture was cooled to room temperature and
CH,Cl, (20 mL) and water (20 mL) were added. The organic layer was separated
and washed with water (20 mL x 3) followed by brine (10 mL) and dried over
MgSO,. After evaporation of the solvent a purple solid was obtained (20 mg,

crude). "H NMR (500 MHz, CDCl3) data matched values given in literature.”’
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@) Synthesis of 5-(4-carboxylatomethoxy)phenyl-10,15,20-triphenyl-

21,23-dithiaporphyrin (18).

Crude 17 (20 mg, 0.02 mmol) was refluxed with 10% KOH (in 10 mL
1:1 ethanol: water) for 16 h. The reaction mixture was cooled at room temperature
and ethanol was removed in vacuo. Waterv(40 mL) was added to the reaction
mixture and HCI (0.1M) was added gradually with a dropper until the solution was
neutral. After protonation, a purple solid precipitated. The precipitate was filtered
and washed with water several times. A trace amount of unreacted compound 17
was separated on a silica column eluting it with diethyl ether/CH,Cl, (1:4),
followed by 10% methanol in CH,Cl,. The material obtained was treated with
acetic acid (4 mL) in ﬂexanes (20 mL) then ethyl acetate (30 mL) and water (30
mL) were added. The organic layer was separated, washed with water, and dried
over MgSO,. The solvent was removed in vacuo and a purple solid compound was
obtained (9 mg, 64.2%). 'H NMR (500 MHz, CDCl3) matched values given in

literature.®’
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Appendix B: Synthesis of 2'-amino-2'-deoxyuridine (21)

Compound 19, 20, and 21 were synthesized by a modification of a

literature procedure187 as described below.

(a) Synthesis of 2,2’-O-anhydro-1-(f-D-arabinofuranosyl)uracil (19)

To a stirred suspension of diphenylcarbonate (3.44 g, 13 mmol), and N,N-
dimethylformamide (DMF) (3.4 mL) in a 250 mL beaker, uridine (3.05 g, 12
mmol) was added and heated to 80 °C. Sodium carbonate (30 mg) was added and
the reaction was heated to 110 - 130 °C. Once the brown reaction mixture became a
sticky solid (3 - 3.5 h), the mixture was cooled to room temperature. The solid was
washed with methanol (2 mL x 3), then transferred to a flask, and methanol (15
mL) was added and refluxed for 5 h. After reflux, a white suspension in methanol
was formed and filtered through a Buchner funnel. It was and dried for 16 h in
vacuo at 90 °C to obtain a tan solid (2.103 g, 79.5%) with physical and

spectroscopic properties matched values given in literature.'®’

(b) 5'-0-(4,4'-dimethoxytrityl)-2,2'-O-anhydro-1-(p-D-
arabinofuranosyl)uracil (20).
2,2"-0-Anhydro-1-(B-D-arabinofuranosyljuracil (1 g, 4.7 mmol),

dimethoxytrityl chloride (1.67 g, 4.93 mmol) and a catalytic amount of DMAP (4

mg) in pyridine (3.52 mL) and DMF (2.64 mL) were stirred for 16 h at room

temperature. The solvent was removed in vacuo and the residue partitioned into

CH,Cl; and water. The organic layer was washed with water (25 mL), sodium
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bicarbonate (0.5M, 20 mL x 2), and brine (15 mL). After drying over MgSOy, and
the evaporation of the solvent, a sticky yellow solid was obtained and it was
purified over silica gel by eluting it with ethyl acetate, followed by 20% methanol
in ethyl acetate. Solid white foam (1.36 g, 54.9%) was obtained. Physical and

spectroscopic properties matched values given in literature '®’

(c) Synthesis of 2'-amino-2'-deoxyuridine (21).

Trichloroacetonitrile (25.25 mL) and triethylamine (0.24 mL, 0.73 mmol)
were added to 20 (13.21 g, 25 mmol), and the mixture refluxed for 16 h. The
reaction mixture was cooled to room temperature and purified on a silica column
by eluting it with a gradient, starting with the 10% ethyl acetate in hexanes and
increasing to 20% ethyl acetate in hexanes. The second fraction was collected and,
after evaporation of the solvent a sticky solid (13.195 g) was obtained. After
drying overnight ir vacuo, the material (13.20 g) was dissolved in ethanol (15 mL)
and, NaOH (6 M, 50 mL) was added and refluxed for 18 h. The reaction mixture
was cooled to room temperature and the solvent was removed in vacuo. After the
evaporation of ethanol, the reaction mixture was partitioned into CH,Cl, (50 mL)
and saturated ammonium chloride (100 mL). The white precipitate was dissolved
in ethyl acetate (100 mL), washed with water (150 mL x 2) and brine (20 mL), and
then dried over MgSQOy4. The crude product was eluted with 10% ethanol/ethyl
acetate from a silica column. Final purification by repeated recrystalization in hot
ethyl acetate resulted in a white solid (4.8 g, 25.7%). 'H (500 MHz, CDCl3): 8
3.38-3.49 (m, 3H), 3.6 (t, 1H), 3.79 (s, 6H), 4.24 (s, 2H), 542 (d, 1H, J = 10 Hz),

5.93(d, 1H, J = 10 Hz), 6.85(d, 4H, J=10Hz ), 7.24-7.32 (m, 8H), 7.38 (d, 1H, J
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= 10 Hz), 7.8 (d, 1H, J = 10 Hz). °C (22.5 MHz, CDCl3): 39.8, 42.27, 54.36,
56.42, 75.12, 77.91, 112.8, 129.5, 157.99, 173.43, 173.62, 179.98, 181.32, 188.70,

198.04, 198.23.

240



Appendix C: Receipe for 16% Polyacrylamide Gel (25 mL)

28% Bis-acrylamide

10 x TBE

Glycerol

1.6% Ammonium persulfate
TEMED

H;0O to

143 mL
2.5mL
2.5mL
1.63 mL
20-30 puL

25 mL
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