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ABSTRACT

The scope of this dissertation is two-fold: assembly of histidine-tagged peptides and
proteins directly to the surface of a 1.5 nm AuNP and the assembly and delivery of
nano-medical materials for MR imaging and gene therapy. Chapter 1 is a general
introduction and describes the reason | chose to pursue my graduate career at the
interface of biochemistry and nanomaterials. The introduction chapter provides a
historical background for both biochemistry and nanomaterials, and shows the parallels
of these two fields. Although biochemistry has been more extensively studied in the
past century, the opportunities and current applications make nanotechnology a very
attractive field. The merger of biochemistry and nanomaterials in the last decade has
opened new doors to medical imaging, medical devices, drug delivery, and has
expanded our ability to probe fundamental biochemistry and biophysics questions once
out of our reach.

Chapters 2 and 3 describe an attempt to elucidate and confirm the ability to bind
hexahistidine-tagged (Hisg) peptides and proteins directly to the surface of a AuNP.
Until now, only Cys amino acids could be used to bind directly to a AuNP surface,
otherwise elaborate surface modifications such as antibody-antigen interactions and
AuNP surfaces modified with metal chelators such as NTA were necessary for
controlled peptide / protein surface interactions. Using FT-IR, NMR, CD, and
fluorescence spectroscopy, the direct, covalent attachment of Hisg peptides is confirmed
and the directed attachment of a model protein (FGF1) is described. The Hisg — AuNP
interaction is shown to occur through the Ne of the His side chain and is able to displace
a Cys peptide for biding, suggesting that the binding interaction is tight due to the multi-
chelator effect of the six His residues. Furthermore, studies with the FGF1 protein
confirm that the AuNP binding does not perturb the structure / function of this protein
and suggests that the Hisg-tag can be a viable alternative to engineered Cys residues
for future bio-nano applications with proteins.

In Chapter 4 | present my research with developing new, high field and bimodal

contrast agents for MR and optical microscopy imaging. MRI has become a valuable,



non-invasive clinical diagnostic tool, and with the development of new contrast agents
(CA), it is slowly becoming a technique with sensitivities rivaling radionuclei PET scans.
The goal of this research was to develop a bimodal contrast agent using an InP/ZnS
semiconductor quantum dot appended with a peptide and macrocyclic lanthanide
chelator (DOTA). Besides developing a bimodal contrast agent, the goal was to use
this material as high field (21.1T), which required the use of Dy(lll) as the paramagnetic
ion in the DOTA chelator. Bimodal contrast was achieved by transfecting CHO cells
with the InP/ZnS-peptide-DOTA-Dy(lll) and observing quantum dots optically via live
cell imaging or by MR microscopy by suspending the CHO cells in an agarose tissue
mimic. The bimodal contrast succeeded in both the fluorescence optical detection and
the negative contrast detection by high field MR imaging.

Chapter 5 describes the ability to co-label a 5.7 nm AuNP with siRNA and
linearized DNA for simultaneous dual gene regulation. The study was performed using
two fluorescent proteins as optical signatures, eGFP (siRNA knockdown) and DsRed-
express (delivered linear DNA). Using cationic liposome transfecting agents, the
bimodal gene regulator is delivered to Lec-1 cells and CHO cells and shows efficient
gene knockdown for eGFP up to 42 h after transfection but shows less efficiency for
transient expression of the linearized gene, which was not detected until 36 h after
transfection. An NSET molecular beacon study with dye-labeled linearized DNA and
short dsDNA revealed that the short strand was able to release from the AuNP surface
more efficiently and had more rapid and efficient endosomal escapes, which is known to
be a rate limiting step in transient gene expression. The linearized DNA showed slower
AuNP surface release and substantially less endosomal escape. The molecular beacon
results confirm that the shorter siRNA strand can interfere with eGFP much more rapidly
and efficiently given the rate of endosomal escape, whereas the low transient protein
expression is not surprising given the low endosomal escape rate for the larger 2
kilobase, double-strand linearized plasmid DNA regulator.

xi



CHAPTER 1

INTRODUCTION

Ancient Greek philosophers are often credited with the first atomistic description
of our living world, beginning with Empedoctes explanation of the four root elements,
fire, air, water, and earth in 440 BC [1]. Shortly after Empedoctes’ doctrine in 400 BC,
the four bodily fluids were described (blood, phlegm, yellow bile, and black bile), and
deficiencies in any of these body fluids could explain the root of illnesses [1]. Although
these early ideas have become irrelevant by today’s scientific standards, this began the
transformation from philosophical ideas to scientific thought and reasoning. Unlike 2000
years ago, scientists today rely on facts, reason, and the scientific method to explain our
natural world.

The field of biochemistry, the study of the composition of matter in living
organisms, was being developed since the 19" century, with many critical scientific
discoveries occurring in the early-to-mid 1900’s. Early work in biochemistry was done in
the 18™ and 19" centuries, including the isolation of albumins and fibrins and the
classification of these macromolecules as proteins in 1838 by Mulder and Berzelius [2].
It wasn’t until the 1950’s that biochemistry really exploded, with the determination of the
double helix structure of DNA in 1953 by Watson, Crick, Wilkins, and Franklin and in
1958 the first protein structure by X-ray crystallography of whale myoglobin [3, 4]. In
addition to discovering the double-helix structure, Watson and Crick determined that
DNA was the code of life since both strands of DNA could be replicated without
impacting the original helix structure. The discovery of the double helix structure of
DNA resulted in Watson, Crick, and Wilkins receiving the Nobel Prize in medicine in
1962 [4]. These initial findings by Watson, Crick, Franklin, and Wilkins have culminated
with the completion of the human genome project in 2001, which details all the genes
(DNA sequences) in humans [5].

Nanotechnology as a field is even younger than biochemistry; the term
“nanotechnology’ was first used by Norio Tanaguchi in 1974, but was intended to refer



to precise manufacturing in production technology to the 1nm resolution.[6] Present-
day nanotechnology typically refers to measuring, synthesizing, and manipulating those
materials that measure less than 100 nm. Current nanotechnology resembles ideas
first mentioned by Richard Feynman in his 1959 Nobel Prize speech in “There’s plenty
of room at the bottom”, where he discusses miniaturized devices and the possibility of
nanomaterials by the year 2000 [7]. Though the historical accounts of nanotechnology
are far fewer than biochemistry, nanomaterials, especially colloidal gold and silver
nanomaterials, have been identified in historical items including stained-glass windows,
ceramics, and an ancient Roman goblet, the Lycurgus cup. The Lycurgus cup displays
different colors depending on the direction of light, whether the light is transmitted (red
color) or reflected on the outside of the cup (green color) [8-11]. It was in 1857 when
the scientific community was first formally introduced to the unique and interesting
spectroscopic properties of colloidal gold when Michael Faraday delivered his Bakerian
Lecture on “Experimental Relations of Gold (and other Metals) to Light” [12, 13]. This
could mark the birth of nanotechnology — except that no subsequent research in
nanomaterials was performed until the latter half of the 20™ century.

Nanotechnology has revolutionized medical imaging, medical treatment, cell
biology and biochemistry research, defense applications, electronics, and it can be
found in many consumer goods. Two important discoveries in nanotechnology in the
last twenty-five years have transformed the field into what it has become today: the
discovery of Buckminster fullerene (Cgp) in 1985 [14], which began research with carbon
nanotubes, and the synthesis and characterization of luminescent, semiconductor
nanomaterials (quantum dots) in the early 1980’s by Brus, Gratzel, and Henglein,
among others. [15-20]. Modern scientific research with nanomaterials includes carefully
controlling the atoms, molecules, size, and physical properties of these materials, which
are markedly different in the nano-size compared with the bulk counterpart. Bulk
materials are any metal or semiconductors that are tangible items found in our everyday
lives, including copper (in copper wire), iron oxide (rust), tin, or titanium. Some common
bulk materials synthesized as nanomaterials are gold and silver (coinage metals), which
are typically chemically inert, do not oxidize, and can there be used in biological
systems without much concern. Semiconductor materials such as CdSe, InP, CdS, and



CdTe, are unigue nanomaterials that exhibit size-dependent fluorescence properties,
due to quantum confinement, and lend their unique spectroscopic properties to
advances in biological and medical imaging and detection [21-26]. Potential medical
applications with CdSe, CdS, and CdTe have been limited due to concerns about

cadmium, selenium, and tellurium environmental and biological toxicity.

| 3.2nm |
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Figure 1.1: A) 12-base pair double strand DNA showing 2 nm helix width and approximate
length of this DNA strand (PDB ID: 355d). B) Model of the red fluorescent protein (DsRed)
from Discosoma sp. of reef corals (PDB ID: 2VAD).

Most biomolecules, including proteins, DNA, and RNA could easily be classified
as nanomaterials. Duplex DNA and RNA are approximately 2 nm wide (Figure 1.1),
although the length can vary substantially depending on the number of nucleotides in
the sequence. For instance, in Figure 1.1 a model of a 12 base pair double-strand DNA
molecule that has a width of 2 nm and a length of approximately 4 nm is shown. For a
relative size comparison, also shown in Figure 1.1 is a crystallographic model of a
DsRed protein. Proteins have much greater variability in length and width depending on
the number of amino acids in the primary sequence and folding constraints. Most
soluble protein monomer subunits will be less than 10 nm in diameter. Given the sub-

microscopic size of most biological molecules, special techniques such as NMR and X-



Figure 1.2: A) Brightfield Differential Interference Contrast (DIC) image of CHO cells at
40X magnification. B) Transmittance electron microscopy (TEM) image of 2.0 nm gold
nanoparticles (average size) on a carbon mesh background.

Ray crystallography (an X-ray diffraction technique) are required to model the size and
shape of proteins, RNA, and DNA, whereas nanomaterials can be visualized using an
electron microscope using electron diffraction (Figure 1.2). Normal microscopy
techniques used to visualize cells do not afford the resolution necessary to visualize
nanomaterials. For instance, Figure 1.2 displays an image of a Chinese hamster ovary
(CHO) cells at 40x magnification, which shows that these cells are approximately 10 um
wide on average. The TEM (transmission electron microscopy) in Figure 1.2 shows
gold nanoparticles that are 1.5 nm wide on average (according to the scale of the
image). In perspective, it would take 600 to 700 gold nanoparticles (1.5 nm wide) to
span the width of these CHO cells.

Nanomaterials, like proteins, can exhibit great variability in size and shape.
Nanomaterials are chemically synthesized with specific sizes (or shapes) depending on
the exact applications they will be used, whereas proteins are not synthetic and are
usually grown in organisms under controlled conditions. Nanomaterials and proteins
can both be engineered to maximize or minimize specific properties. Protein
engineering usually involves mutations in the amino acid sequence of the protein to
elicit changes in structure or function. Many of the solution properties and biological
application properties of nanomaterials are controlled through the use of ligands (any



molecule that can be attached to the surface and can be any chemical or biological
molecule). Most nanomaterials are metals or semiconductors and cannot be dissolved
in solution without ligands on the surface; if metals did dissolve in solutions without
ligands we would all have to park our cars in a garage when it rains! These ligands can
be specific for organic, aqueous, and /or biological solutions, and without the correct
surface ligand the nanomaterial will not dissolve in solution just like oil and water do not
mix.

Researchers are combining the unique features of nanomaterials to probe
questions in biochemistry, biophysics, biology, and medicine. Presently, a major area of
scientific research has become bio-nanotechnology. Bio-nanotechnology applies the
unique properties of nanomaterials to probe biological problems, including medical
imaging, biophysics problems, gene therapy, and biological sensing. There are
currently a number of FDA-approved nanomaterials for human use including
nanomaterials used in formulating improved sunscreens, cosmetics, and MRI contrast
agents with many more nanomaterial based products likely to emerge in the near future.
Many of these new bio-nano products require thorough research to assess the
biological impact and any environmental safety concerns.

With the growing use of nanomaterials for biological applications, it has become
necessary to continue to understand the full potential (or negative impact) that
nanotechnology can have on biology and medicine. | was attracted to research in bio-
nanotechnology for this reason and others. | believe that my fundamental
understanding of biochemistry, especially protein structure and function would be
invaluable to begin to understand the molecular interactions between nanometal
surfaces and biomolecules. At the time of my decision to pursue graduate work in bio-
nanotechnology, nanomaterials were already being delivered to cells and were being
used to track structural changes in DNA and RNA using a modified FRET approach,
where the nanomaterial acts as a fluorescence quencher (instead of using a small
molecule quencher). The advantage to using nanomaterials for FRET, termed NSET
(nanometal surface energy transfer) is that it is now possible to probe long distance
interactions in real time with minimal sample. Minimal sample and real-time

measurements over longer ranges was very appealing since many biochemistry



techniques require substantial amounts of purified sample (NMR, crystallography) and
often only give a static description of the protein structure (crystallography).
Furthermore, nanomaterials also provide more robust and photostable materials for
improved enzyme assays using a molecular beacon approach. The use of
nanomaterials in biochemical analysis provides a more powerful method for real-time
structural analysis, more sensitive bio-assays, and lends unique spectroscopic and
magnetic properties to the new assays that haven’t been dreamed of, yet.

The goal of my doctoral research was to further the field of bio-nanotechnology
on two fronts: understanding the molecular impacts of peptides and proteins on the
surface of a gold nanoparticle and to assemble and deliver peptides and nucleic acids
for improved MRI imaging and gene therapy applications. Using carefully designed
peptide sequences, | studied the molecular interactions of a Hisg peptide with the
surface of a gold nanoparticle. In Chapter 2, | present the experimental results and
binding model that demonstrate the feasibility of using Hise peptides for gold
nanoparticle binding. In Chapter 3 of this dissertation, | expand the Hisg peptide binding
studies to determine whether a Hisg protein (acidic fibroblast growth factor, FGF1) is
able to bind to the gold nanoparticle surface without negatively impacting the native
structure and function of the protein. The result from this complete biophysical study
suggests that FGF1 interacts with the gold nanoparticle (AuNP) through the Hisg tag
and retains the structural integrity necessary for heparin binding function. In Chapter 4
and Chapter 5, | examine intracellular delivery of nanomaterials for two unique
biomedical applications: bimodal MR imaging with fluorescent quantum dots and
bimodal gene regulation with transient gene delivery and siRNA (short interfering RNA)
gene knockdown. Chapter 4 is devoted to my research on the development of a novel
bimodal MRI contrast material using InP/ZnS quantum dots with dysprosium-peptide
conjugates on the nanomaterial surface. The quantum dot is used for fluorescence
microscopy imaging of live cells while the dysprosium-peptide conjugate produces
negative MRI contrast of the CHO cells in an agarose tissue mimic. Finally, Chapter 5
examines the cationic liposome mediated transfection of AuNPs dually labeled with
siRNA and linearized gene fragment for simultaneous gene knockdown and transient
protein expression in a single cell. This unique bio-nanomaterial displays the



capabilities of nanotechnology, since the large surface area per nanoparticle allows co-
delivery of gene therapeutics to one location for enhanced gene control mechanisms.

| consider my doctoral research to be a mix of basic, fundamental science,
especially with the Hisg peptide and protein research, as well as applied science for the
bio-nanomedical research to develop a novel bimodal MR contrast agent and dual gene
regulatory nanomaterial platform in vivo. The research presented in all chapters of this
dissertation will make an important contribution to understanding the structural and
functional effects of peptide and protein assembly on to gold nanoparticles, biomedical
imaging capabilities, and novel nano-mediated, gene therapy delivery platforms. Future
work and applications for this doctoral research will be discussed throughout the text.

Looking Ahead to the Future...

With my fundamental understanding of bio-nano applications and molecular
interactions | believe | am in a great position to pursue the development of next
generation applications and devices. The first thought that came to mind when |
learned about the possibilities of nanomaterials in biochemistry and medicine was the
ability to develop prosthetic neurons that had enhanced conduction ability and were
sub-micron in size. Treatments for nervous system disorders or nerve and spinal cord
injuries could benefit from these nano-neuronal implants. These ideas are not so far-
fetched given the exponential increase in bio-nanotechnology research and
fundamental understanding of protein and DNA interactions in vitro and in vivo. |
envision that bio-nanotechnology will one day create pacemakers the size of a grain of
sand that can be controlled and monitored on our cell phone. Nanotechnology may
one-day result in the development Implantable drug delivery devices that can release
drug doses using microwaves emitted from our own wrist watch — no more missed
doses or overdoses. Bio-nanotechnology is revolutionizing our world and the best is yet

to come!!



CHAPTER 2

HIS¢ PEPTIDE ATTACHMENT TO A 1.5 nm Au NANOPARTICLE SURFACE

2.1 Introduction

Nanoparticle surfaces functionalized with proteins or other biomolecules provide
a mechanism for interfacing the unique properties of nanomaterials with biological
samples. For instance, appending peptides or proteins to a nanomaterial surface can
enhance cellular transport of these bio-nanomaterial conjugates, augment optical and /
or magnetic cell imaging, and improve the sensitivity and throughput efficiency for
bioassays [27-40]. The majority of these studies have conjugated proteins and peptides
to the AuNP surface through the thiol group of native or introduced cysteine residues.
However, the reliance on Cys residues for anchoring to the AUNP can be problematic
for proteins containing a large number of intrinsic Cys residues (lack of specific site
binding), and unstable proteins (Cys mutation may destabilize the protein). Introducing
additional Cys residues may also reduce the folding yield of a protein due to
inappropriate disulfide bond formation and the generation of misfolded states. This
chapter investigates the feasibility of using the hexa-histidine (Hisg) sequence as a
method for attaching synthetic peptides directly to AuUNPs. Spectroscopic evidence
indicates that the Hisg-tagged peptides bind to the AuNP surface via formation of
multiple Au-imidazole interactions with the Ne.

The advantage of the Hisg coordination approach is that the methodology is
applicable to protein attachment since recombinant protein expression systems
routinely engineer a Hisg tag to enhance purification through immobilized metal affinity
chromatography using nitrilotriacetate (NTA)-bound Ni(ll) ions. There are several other
advantages to this approach. First, if successful, this approach would significantly
simplify the labeling chemistry; second, one would retain the high regio-specificity of the
His-tag as an attachment vehicle; third, since the His-tag generally has minimal affect

on protein structure and function, this approach might be less perturbative than



attachment through the thiol functionality of Cys residues; and fourth, the ubiquity of the
His-tag in expression vectors simplifies design and generation of the appropriate gene
constructs. Hexa-His binding was previously demonstrated to be an effective method
for attaching His-tagged proteins to NTA-passivated gold surfaces and nanopatrticles
[41, 42]. Here, however, | focus on direct attachment of His-tagged peptides to small (<
2 nm) AuNPs without the requirement of a metal mediated NTA linkage chemistry.

A comparison of the binding of His-tagged peptides to Cys and Ser peptides of
the same sequence enables an investigation of the interplay between coordination,
hydrophobic effects, and electrostatic interactions on the peptide assembly process at
the AuNP surface. The single peptide sequence has a constant amino acid sequence,
XEDDKLVPRGSEWDW with variable attachment residues at the amino terminal “head
group” (X= Cys, Ser, or Hisg,). The peptide likely exists as a random coil in solution and
is unlikely to adopt a specific secondary structure upon complexation with the AuNP.
There are several possible binding motifs for this peptide to bind to the AuNP, namely
direct head group chelation to Au, interactions with terminal amine or carboxylate of the
peptide, and electrostatic and / or van der Waal interactions with amino acid side chain
groups (all residues in this peptide sequence have shown Au binding with the exception
of valine and glutamic acid) [43-47]. The Cys-containing peptides are expected to bind
via a Au-thiol linkage at the metal surface [45, 48-55], while the Ser has no expected
molecular coordination through the head group [44, 45]. The Hisg linkage may either
coordinate via the imidazole ring or may be dominated by the charge interactions. The
Au-imidazole interaction is weaker than the Au-thiol interaction [44, 45] , but the Hisg
head group may have a higher effective affinity through multiple chelation events. Thus,
the specific nature of the peptide - Au interaction will reflect a competition between
peptide-specific properties (charged and hydrophobic groups) and the binding of the
head group at the N-terminus.

2.2 Methods and Results

The 1.5 nm Au is prepared by literature methods either as the triphenylphosphine
(TPP) or the bis(sulfonatophenyl)-triphenylphosphine (bSPP) passivated nanometals



[56]. AuNPs are transferred into the aqueous buffer at room temperature by one of two
methods. One method is a direct exchange of the passivating ligand bSPP on Au by
the peptide in phosphate-buffered saline buffer for 30 min (125 uM in 20 mM phosphate
buffer, pH 7.5, 50 mM Na phosphate; PBS) [56-62]. In a second approach, TPP-
passivated AuNPs in CH.Cl, are transferred into aqueous phase through a biphasic
ligand exchange with peptides dissolved in PBS. In this case, reaction progress was
monitored by absorption of the aqueous phase and was found to be essentially
complete after 1 hour. Biphasic exchange at higher pH (8.5) resulted in more rapid
ligand exchange (complete in < 10 min) for the Hisg and Cys head groups, but was not
pursued due to possible complications arising from more facile disulfide bond formation
at elevated pH. In both methods, the aqgueous sample was purified by gel filtration (G-
25 Sephadex) to remove residual peptide and to change the solvent to nanopure water
following exchange.

The extent of binding of the three different peptides to the AUNP was assayed by
tracking the fluorescence quenching of the single Trp residue in the peptide sequence
upon interaction with the AuNP surface. This molecular-beacon type assay is based
upon previously published nanosurface energy transfer (NSET) technology [63, 64].
The predicted quenching efficiency of the Trp by the AuNP at the expected separation
distance is 50% based upon an NSET analysis if the peptide binds through the head
group. In these experiments, the peptide was exchanged onto bSPP passivated AuNP
using equimolar stoichiometry of the Au to the peptide and the total fluorescence at Aem
= 360 nm measured after 5 min. The total Trp fluorescence for the gold samples was
compared to equimolar control samples of the peptides in the absence of gold providing
a quenching magnitude (l/10).

The three peptides exhibited similar quenching magnitudes (47+5, 453, and
5412 percent for Cys, Hisg, and Ser head groups, respectively) following ligand
exchange (Figure 2.2). The quenching indicates that the peptide associates with the
AuNP for all three head groups, but does not provide insights into the molecular aspects
of the interaction, more specifically, whether association occurs via electrostatics,
hydrophobicity, or chelation to the metal surface. The similar extent of quenching for
the Cys, Hisg, and Ser head groups was surprising, as only Cys and His were expected
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to coordinate directly to the AuNP via a head group interaction. Assembly of all three
head groups onto the AuNP suggests coordination via non-covalent interactions may
also play a role in the peptide assembly onto the AUNP. The nature of the non-covalent
peptide-AuNP interaction was further investigated by the addition of guanidinium
hydrochloride (GuHCI) to the peptide-AuNP solution (Figure 2.2). Weak electrostatic
interactions should easily be disrupted by GuHCI, resulting in dissociation of the peptide
from the AUNP and re-appearance of tryptophan fluorescence. Interestingly, the three
peptides exhibited identical responses to added GuHCI up to 2.5M addition in PBS,
pH=7.5 (Figure 2.2) suggesting that electrostatics is not a major contributor to peptide
assembly on the Au surface for any of the peptide sequences, and implicating that both
head group and side chain interactions as being important in binding. This observation
is not surprising, as the importance of side chain binding interactions for stabilization of
proteins onto surfaces has been observed in Phage display and implicated as a critical
component for surface fouling of semiconductors and metals [45].

The stoichiometry of peptide to AUNP was analyzed by optical absorption
spectroscopy (Figure 2.2) from the A280 : A420 intensity ratio. The concentration
calculation assumes that the intensity at A= 280 nm arises from the peptide (Trp,W) plus

AuNP, whereas intensity at A = 420 nm was due to the AuNP alone [65]. This
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0.5 I e SerAu
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I I I I I 1 I

0.0 0.5 1.0 2.0 25 3.0

GUHO! (M)
Figure 2.1: Fluorescence Molecular Beacon Assay for added GuHCI to a solution
containing Au-Cys, Au-His, and Au-Ser. The fluorescence recovery at each point is
corrected for the Trp fluorescence contribution of the free peptide at each GuHCI
concentration.
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Figure 2.2: Absorption spectra in PBS buffer (pH=7.5) for 1.5 nm
Au-bSPP (—), the Au-Cys peptide (----), the Au-His6-peptide (----)
and the Au-Ser peptide (— - —).

approach yielded binding stoichiometries of 38:1, 1:1, and 100:1 for the Cys, Hisg, and
Ser head groups, respectively. The range of values indicates that a combination of
AuNP surface interactions are involved in binding the different sequences, with the
specific stoichiometry reflecting the balance of a head group binding directly to the
AuUNP, other peptide-AuNP interactions, and possibly peptide-peptide interactions at the
AuNP surface. The observation of 38 : 1 peptide : AuNP for the Cys head group is
consistent with a report of 32 to 45 alkylthiols bound on a 1.5 nm AuNP surface [56].
This stoichiometry implies nearly complete occupancy of every possible binding site at
the AuNP surface and suggests a high packing density for the rest of the peptide
around the AuNP.

The unit stoichiometry of the hexa-His peptide sequence is surprisingly low and
most likely reflects the larger molecular “footprint” associated with binding of one or
more his residues at the AuNP surface. Alternatively, the low stoichiometry could reflect
thermodynamic instability of Au-Hisg peptide interaction, but this interpretation is
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considered less likely as the biphasic exchange was carried out under a 200:1 peptide
to Au exchange ratio.

The 100 : 1 binding ratio for the Ser head group peptide is inconsistent with direct
binding of the peptide through the hydroxyl head group. The observations for the Cys-
Ser peptides compared with the Hisg peptide cannot reflect a simple head group
interaction at the surface of the Au, and suggests a more extensive interaction between
the amide groups of the peptide backbone and / or with the amino acid side chains.
Furthermore, peptide aggregation at the AuNP surface must contribute to the high
binding stoichiometry for Ser. The possibility of AUNP diameter increase contributing to
the observation of the 100 : 1 ratio can be ruled out due to the absence of a surface
plasmon, which is observed in AuNPs greater than 2.5 nm.

The molecular details of peptide binding to the AUNP were investigated from
changes in the peptide infrared vibrational resonances upon binding to AUNP. Samples
for FT-IR analysis were prepared as described above, lyophilized, and mixed with a 10-
fold excess of KBr to form a pellet. Figure 2, shows diffuse reflectance FT-IR spectra
for peptides with all three head groups. Complete spectra and tables of tentative
assignments are given for the Hisg-peptide (Figure 2.3, Table 2.1), the Cys-peptide
(Figure 2.4, Table 2.2) and the Ser-peptide (Figure 2.5, Table 2.3). For ease of
analysis, each peptide spectra is discussed as Region | (900 — 1100 cm’) for transitions
arising from the imidazole side chain of the His residues, Region Il (1100 — 1500 cm™)
for the majority of the amino acid side chain vibrations, and Region Ill (> 1500 cm™) that
includes vibrations arising from the polypeptide backbone, Amide | and Amide II.

The IR spectral data shows numerous changes in the head group region for His-
peptide and Cys-peptide upon complexation to AuNP; no significant change can be
deduced for the Ser-peptide due to the overlap with H.O. The AuNP binding to the
Hisg-peptide is associated with the appearance of strong transitions at 1008 and 1038
cm’ (Figure 2.3). These bands can be assigned to new Ne-Au interactions by
comparison to vibrational analysis of free histidine amino acids interacting with Au sols

[66] through the Ne on the imidazole produced identical vibrational features and are
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Figure 2.3: FT-IR spectra of Hisc peptide with AuNP (+) and without AuNP (—). The
appearance of two new peaks (*) assigned to the Ne¢ interaction of His with the AuNP.
Table 2.1: FT-IR peak assignments for Hisg peptide and Hise peptide with AuNP
His HisAu
(cm'l) (cm'l) Tentative Assignment Reference
627 Amide IV, Amide VI [67]
646 Amide IV, Amide VI [67]
692 Amide IV, Amide VI [67]
721 723 Amide IV, Amide VI [67]
756 Amide IV, Amide VI [67]
800 802 Amide IV, Amide VI [67]
837 839 or(CH2) [68, 69]
917 or(CH,): His C-H in plane bending [68-70]
966 His CHj; rock, N3Cy stretch, ring def. 1 [68-70]
1008 His (Ce-Neg) Au interaction; ring def 2, C4Cs st, CH3 rock [66, 71]
1039 His (Ce-Ng) Au interaction; CHj rock (NJ) protonation [66, 71]
1134 1130 v(C-0) Asp, Glu [67-69]
1205 1207 ywCH2, v(CC) Trp, [67-69]
1344 Trp [67-69]
1389 (CH3) in-plane bending [67-69]
1435 1435 Trp 6(NH), v(CC), 6(CH); His-1 6(CH3), v(CN) [67-69]
1535 1535 Amide II [70]
1622 Trp v(CC), v(C=C) [68, 72]
1670 1678 Amide I [45]
1797 1807 Asp, Glu v(C=0) [68, 72]
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consistent with vibrational modes present in FT-IR spectra of protonated
methylimidazole [71]. The appearance of these bands in our spectra provides strong
evidence of a direct interaction between the imidazole ring(s) and the AuNP surface.
Evidence for a direct Cys-AuNP interaction is seen in the FT-IR spectra based on the
loss of a Cys R-S-H vibration at 2550 cm™ [73] upon addition of AuNP.

Amino acid side chain interactions with the Au surface results in changes in the
IR spectra in Region Il (1100 — 1500 cm™). There are no significant changes observed
in this region for the Au-Hise and Au-Ser systems, but addition of AuNP induces large
changes in the FT-IR spectrum of the Cys-peptide. The Cys-peptide with AUNP results
in the loss of vibrations associated with the glutamate and aspartate side chain
carboxylates (1136 cm™), loss of a Trp vibration at 1344 cm™, and appearance of new
bands at 1240 cm™, 1315 cm™, and 1400 cm™". In addition, a shift (Av =6 cm™) in the
band assigned as the SNH and vCC vibration for tryptophan the backbone vCN
vibration for proline is observed. These spectral differences may indicate changes in
vibrational symmetry, hydrogen bonding, or screening of the dipole if perpendicular to
the AuNP [73] upon complexation to AuNP.

The large changes in the Cys peptide indicate tight packing of the peptide onto
the AuNP surface, as would be expected if each available three-point hollows on the
AuNP surface is occupied by a Cys-peptide [74]. The absence of similar changes for the
Ser-peptide suggests that this peptide is less tightly constrained upon complexation.
These results suggest that Ser interactions are largely non-specific and utilize the
backbone interactions predominately to stabilize the assembly at the NP surface, while
His and Cys utilize the head group specific binding predominately. The changes in the
side chains for Cys therefore are due to packing effects rather than binding interactions
at the AuNP surface [74]. The frequency of the amide | band (Region Ill) is often used to
infer secondary structure content, with bands shifted to frequencies lower than ~ 1650
cm™' indicating more extended structures while those shifting to higher frequency
corresponding to helical or random structures. The frequency of the amide | (vCO) is
1678 cm™ (Hise-Au), 1655 cm™ (Cys-Au) and 1661 cm™ (Ser-Au). The frequency of the
Hisg peptide Amide | band may indicate more random backbone geometry, consistent
with the low packing population of more extended structures.
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Figure 2.4: FT-IR spectra of Cys peptide with AuNP (+) and without AuNP (—).

Table 2.2: FT-IR peak assignments for Cys peptide and Cys peptide with AuNP

500

Cys CysAu
(cm'l) (cm'l) Tentative Assignment Reference
692 Amide IV, Amide VI [67]
746 Amide IV, Amide VI [67]
803 Amide IV, Amide VI [67]
837 830 or(CHb») [68, 69]
910 931 or(CHy) [68, 69]
1097 Trp [68, 69]
1136 v(C-0) Asp, Glu [68, 69]
1196 1187 Trp, Ser [68, 69]
1240 Trp [68, 69]
1315 d(CH) [68, 69]
1344 Trp [68, 69]
1400 Asp, Glu vy(COO) [68, 69]
1440 1434 Trp 6(NH), v(CC), 8(CH); Pro v(CN) [68, 69]
1533 1520 Amide II [67]
1655 1655 Amide | [67]
1729 Asp, Glu v(C=0) [68, 69]
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Figure 2.5: FT-IR spectra of Ser peptide with AuNP (+) and without AuNP (—).

Table 2.3: FT-IR peak assignments for Ser peptide and Ser peptide with AuNP

(csrfl'rl) ?;rrﬁl; Tentative Assignment Reference
721 721 Amide IV, Amide VI [67]

750 750 Amide IV, Amide VI [67]

800 800 N-H bending, out of plane [68, 69]
837 837 or(CH2) [68, 69]
910 910 or(CH2) [68, 69]
1136 1136 v(C-0) Asp, Glu [68, 69]
1203 1203 Trp v(CC) [[68, 69]
1342 1342 Trp, Ser [68, 69]
1445 1445 Trp 6(NH), v(CC), 8(CH); Pro v(CN) [68, 69]
1551 1529 Amide II [67]
1661 1661 Amide I [67]
1733 1733 Asp, Glu v(C=0) [68, 69]
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Figure 2.6: 2D-1H-NMR TOCSY of the unbound His peptide (black) and His peptide bound
to 1.5 nm Au (red). A) The NMR spectrum shows changes in the aromatic region following
binding on the 1.5 nm Au, especially in the His residues, where a chemical shift in the C5-Ce
signal is observed, as well as a slower decay rate for the e-H compared to the 6-H. B) The NMR
spectrum shows the His peptide aliphatic side chains, which show little to no change between
the two samples.
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Figure 2.7: Cys-peptide alone (black) and Cys-peptide with AuNP(red) of A) Aliphatic and B)
Aromatic Region. The aliphatic region (A) shows widespread changes in the peptide side
chains with few changes in chemical shift frequency for protons in the aromatic region (B).
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In contrast, the Cys and Ser head group peptides both show a high frequency shoulder
on the Amide | band that disappears in the presence of AUNP, perhaps indicating a loss
of random or helical structures and increased densities on the AuNP.

The amide Il (vCN,3NH) vibrations for the Au peptides appear at 1535 cm™ (His-
Au), 1520 cm™ (Cys-Au), and 1529 cm™ (Ser-Au). There is little change in the amide |l
band in the Hisg peptide (Av = 6 cm™) whereas the Cys- and Ser-peptides showed
larger changes (Av = 13 cm™ and Av = 20 cm™, respectively). The amide Il band arises
from a coupling between N-H bending and C-N stretching, but is less responsive to
changes in protein secondary structure than the Amide |. Nevertheless, the small
change in the Hisg Amide Il band and the larger changes in the Cys and Ser Amide I
bands indicate that AUNP binding has less impact on the backbone configuration in the
Hise peptide whereas AuNP binding results in larger changes in the Cys and Ser
peptides.

Additional information on conformational changes associated with AuNP binding
were obtained from NMR spectra. Figure 2.6 shows two regions of a 'H-"H TOCSY
spectrum of the Hisg-peptide in the absence (black contours) and presence (red

contours) of AUNP. Figure 2.6A compares the effect of binding on the aliphatic portion
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Figure 2.8: Ser-peptide alone (black) and Ser-peptide with AuNP (red) of A) Aliphatic and
B) Aromatic Region. The aliphatic region (A) shows numerous shifts in the Hot and Hf3
protons of the amino acid side chains. No visible changes are noted in the aromatic region
(B) with the addition of the AuNP to the Ser-peptide.
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of the spectrum, which contains resonances from the amino acid side chains. In this
experiment, coherence transfer is induced between coupled spins, providing a more
detailed mapping of chemical shifts and potential chemical shift changes than a simple
1D NMR spectrum. In the Hisg experiment the binding to AUNP has minimal effect on
the peptide resonances, except for a cross peak between the Ha-Hf protons of a His
residue. The aromatic portion of the spectrum (Figure 2.6 B) shows correlations among
the various Trp resonances as well as correlations between the CHe and CHd protons
of the histidine side chains [46, 75-77]. There is minimal effect on the tryptophan
resonances upon complexation to AuNP, but there is a pronounced shift in the
resonance frequencies of the CHe and CHo resonances. The downfield shift in CHe
resonance (Ad = ~ 0.2 ppm) in the presence of AuNP is consistent with the deshielding
expected if the imidazole ring is complexed to the gold. In vast contrast, a comparison
of the aliphatic and aromatic portions of TOCSY spectra of the Cys (Figure 2.7) and Ser
(Figure 2.8) peptides change substantially upon complexation with AUNP. These
widespread spectral changes indicate changes in the magnetic environment of the
amino acid side chains throughout the peptide, as might be seen in the more densely
packed environments for these peptides bound to AuNP.

2.3 Discussion and Model

Collectively, these results indicate that the Hise tail directly complexes to the
surface of 1.5 nm AuNPs through side chain imidazole(s), making this a convenient
binding functionality for attachment of peptides and proteins to gold nanoparticles. The
binding stoichiometry indicates a single Hiss-peptide per AuNP, and the NMR and FT-IR
results support that binding occurs through the imidazole group on the histidine tag. The
low stoichiometry and strong binding suggests a model where multiple chelating events
occur, limiting the number of peptides on the surface (Figure 2.9). In contrast, our
results suggest a very different bound state for the Cys and Ser peptides. The Cys head

group appears to bind at (nearly) every available coordination site through the thiol
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group, but the corresponding high packing density orders (or otherwise alters) the
peptide conformations. Finally, the Ser head group was chosen as a chemical
functionality that was not expected to bind tightly to the AuNP, yet significant binding is
observed. Somewhat unexpected, though, was the extensive association between the
Ser-peptide and the AuNP. One possibility is that the Ser peptide may form aggregates
in solution, with the entire aggregate adsorbing onto the AuNP, but this simple picture is
not consistent with the numerous changes in the NMR spectrum, nor is it consistent with
the binding strengths reported in the GuHCI experiment. At this point, it is assumed that
the Ser-peptide is aggregated onto the AuNP, primarily through backbone interactions,
but further experiments are required to develop a clear molecular picture of the bound
form of this head group-peptide combination.

Figure 2.9: Projected packing of the A) Hise peptide (depicted as beta sheet conformation for
modeling purposes) on the AuNP and B) the likely molecular interactions of the Hisg side
chains through the N¢€’s (two of the six bound side chains shown for clarity).

In summary, this chapter shows that a hexa-his sequence results in high affinity
binding of peptides to AuNP, with high regio-specificity. This result has important
implications in biotechnology where the ubiquity of the hisg-tag for recombinant protein
expression suggests that this method of attachment could eliminate the need for
elaborate surface modifications using solvent-accessible metal chelators, such as NTA,
and have a significant impact on efforts to use the AuNP to deliver proteins. Additional
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studies, focusing on the binding of Hisg-tag proteins to the AuNP are discussed in
Chapter 3 of this dissertation.
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CHAPTER 3

MAINTAINING STRUCTURE AND FUNCTION OF A RECOMBINANT HISTIDINE-
TAGGED PROTEIN ATTACHED TO A 1.5 nm Au NANOPARTICLE

3.1 Introduction

Nanomaterials can be readily interfaced with biological polymers (proteins, DNA,
RNA) to act as markers of biological activity, functional interactions, perform as
molecular beacons, or be used for delivery of biological materials [22, 27, 38, 47, 78-
80]. Appending native proteins onto gold nanoparticle (AuNP) surfaces is hindered by
the propensity for protein denaturation at the protein-AuNP interface, as well as the
limited repertoire for site-specific attachment of recombinant proteins to the AUNP
surfaces [81-86]. Protein denaturation at the nanocrystal surface is a result of
unfavorable electrostatic and hydrophobic interactions that effect the protein secondary
structure and render the protein inactive. Negative impact on protein structure is a
result of the large number of charged ligands on the nanocrystal surface that are
necessary for aqueous solubility. Using effectively neutral ligands (pegylated or
zwitterionic) ameliorates electrostatic interactions deleterious to the native protein
structure and function [87, 88]. Controlling site-specific assembly is also beneficial
because the comparable size of nanocrystals and proteins can perturb protein function
by blocking protein active sites.

The impact on protein structure and function is dependent on the location of the
protein attachment point relative to the active sites on the protein of interest [87, 89, 90].
Site-specific labeling would allow the minimization of these non-specific interactions that
can effectively block active sites on the protein thereby maintaining native protein
structure and function. While protein denaturation at the AuNP surface can be
understood in terms of electrostatic interactions, which can be overcome by appropriate
surface charge of the AuNP, the ability to site-specifically label a recombinant protein is
complicated, as the mutation of the native protein can lead to misfolding and a loss of
function. [49, 51, 80, 85, 86, 91]. Maintaining the structural integrity and functionality of
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a protein when appended to the surface of a nanometal is critical if these systems are to
be used in bio-medical technologies.

The assembly of proteins onto a AuNP reflects the sum of interactions arising
from the backbone or side chains of individual amino acids to the AuNP surface, as well
as secondary interactions which enhance stability via van der Waals packing forces, H-
bonding, and electrostatics. Herein, the dynamic changes that occur during the
assembly of FGF1 (acidic fibroblast growth factor) onto a 1.5 nm AuNP surface through
a N-terminal Hisg-tag are investigated using molecular beacon binding kinetics, circular
dichroism (CD), and NMR. Using these biophysical techniques we will elucidate the
overall effect on protein structure and function upon direct AUNP binding.

FGF1 (Human acidic fibroblast growth factor), a protein with mitogenic (cell

Aul.5mMm

binding-site

B)

Figure 3.1: Electrostatic surface potential of FGF1 protein (red = negative charge and blue = positive
charge) showing a three possible AuNP interaction sites A) His-tag, B) heparin binding site, and C) C-
terminal given the high charge density on the protein surface in these regions.
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division) and potent angiogenic (wound healing) properties, has emerged as a
candidate for revascularization strategies of cardiac muscle following ischemic events
[92-94]. FGF1 requires at least an octasaccharide heparin for FGF receptor (FGFR)
activation, but can accommodate oligosaccharides of varying sizes in the positively
charged heparin binding pocket [95]. This FGF1 protein, whose function is strongly
perturbed by electrostatic and structural interactions, is an ideal candidate to probe the
use of a His-tag specific labeling strategy for AUNP attachment. In this study we probe
the FGF1 (sym648) mutant, which exhibits increased thermodynamic stability and has a
substantially lower heparin affinity [96]. Maintaining the bound FGF1-heparin state in
this hypoactive mutant assures that Au has no adverse effects on protein function in the
presence of the AuNP.

The impact on the structure and function of FGF1 when assembled onto a
peptide (CAAKA) passivated 1.5nm Au via hexa-His-tag is analyzed by correlating CD
and 2-D 'H, >N HSQC NMR spectroscopy. The zwitterionic CAAKA peptide is used to
minimize electrostatic complications with the protein surface given the possibility of
electrostatic interactions with the heparin binding pocket (Figure 3.1 B) and the C-
terminal region (Figure 3.1 C) in addition to the His-tag region (Figure 3.1 A). The
results indicate site-specific labeling can be achieved via the His-tag without interfering
with protein function, thereby demonstrating that the His-tag commonly used in
recombinant proteins can be routinely utilized for integrating recombinant proteins onto

AUNP surfaces.

3.2 Materials and Methods

FGF protein (sym666 of human FGF-1).
The amino-terminal His-tag [97] form of the sym666 mutant of FGF-1 [96] (for

simplicity, referred to as FGF1) was expressed and purified according to published
procedures [97-99]. Briefly, to isolate the Hisg tagged protein from the cell, the cell
lysate was centrifuged for 30mins at 20,000RPM. The resulting supernatant was
loaded onto a His Prep FF 16/10 column (GE Biosciences) for nickel affinity purification,
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followed by size exclusion chromatography (Superdex75 10/300 GL column; GE
Biosciences). For 2D-NMR experiments, ">°N-FGF was grown in M9 media with
("®NH,)2S04. All expression and purification procedures for "°N-FGF were identical to
unlabeled FGF.

Preparation of Au-CAAKA and Au-CAAKA-FITC.

Au nanoparticles (1.5 nm AuNP) were synthesized initially as TPP-Au (1.5 nm) in
toluene (TPP is triphenylphosphine) [100] and ligand exchanged with CAAKA to
produce water soluble CAAKA-Au (1.5 nm) following standard literature methods. The
attachment of CAAKA occurs through the N-terminus Cys (C). The size of the Au was
confirmed by TEM (Figure 3.2 A), and UV-Vis, noting the absence of a plasmon

resonance at 520 nm (Figure 3.2 B), consistent with a Au nanometal below 2 nm in size.
For molecular beacon studies, CAAKA was labeled with fluorescein-isothiocyanate
(Sigma) through the free-amine of Lys (K) according to manufacturer instructions and
purified by HPLC (C18-RP) before being exchanged on the AuNP.

Molecular Beacon Characterization of FGF1 assembly onto AuNP surface.
Appending the FGF1 (or FGF1 — heparin) onto the AuNP is carried out in
buffered conditions in 50 mM sodium phosphate, 10 mM (NH4)>SO4, 100 mM NaCl,

Absorbance (AU)

200 300 400 500 600
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Figure 3.2: A) TEM of 1.5 nm AuNP and B) Absorbance spectroscopy of AuNP with
CAAKA ligand (solid) and AuNP with CAAKA-FITC (dash), noting the FITC absorbance
(Amax = 495 nm)
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pH=7.5 (Buffer A) in a 1:1 protein to AuNP ratio. FGF1 and FGF1-heparin ligand
exchange on the 1.5 nm AuNP was measured for 18 h at 7min intervals using a
molecular beacon NSET approach [64] by tracking the de-quenching of the CAAKA-
FITC after release from the AuNP. The fluorescence spectra were collected from 500-
600 nm in triplicate on a Cary Eclipse (Varian) in a 100 pl cell at 25°C in Buffer A using
a 1cm pathlength and excitation wavelength of 450 nm. The rate of CAAKA-FITC
release from the AuNP surface upon FGF1 and FGF1-heparin is tracked by the onset of

FITC emission (Aem = 520 nm) and plotted as a function of time in Figure 3.

Time Dependent Structural Changes in FGF1 by CD Spectroscopy.

Far-UV circular dichroism (CD) spectra were collected between 195-260 nm with
0.5 nm steps and 1 sec signal averaging on an AVIV 202 CD spectrometer at 25°C in
Buffer A using a 1 cm pathlength. Each sample, including the buffer, was measured in
triplicate and averaged before subtraction. Sample concentrations were typically 5 uM
FGF and/or 5 uM Au-CAAKA in Buffer A. The CD spectra were fit using CDPro

software [101].

2-D HSQC NMR Analysis of Protein Structural Perturbations.

2D-"H,"N HSQC experiments were performed on an uniformly labeled ">N-FGF1

on a Varian Inova spectrometer operating at 11.74 T (Varian Inc., Palo Alto, CA).
Protein sample concentrations were typically 200 uM in 100 mM phosphate, 200 mM
(NH4)2SO4, 100 mM NaCl at pH=6.0 (Buffer B). HSQC spectra were collected over
8333 Hz (1500 Hz) and digitized by 1024 (220) complex points in the 'H ("°N)
dimensions in 16 scans per increment for a total data collection time of ~90 min. Data
collection for each HSQC spectrum was initialized at 0, 5, and 18 h following addition of
the AUNP-CAAKA. Data processing and peak assignment was performed using NMR-

Pipe and analyzed using NMR-View. Changes in resonance position (Ad) upon addition

of AUNP-CAAKA were quantified as AS = \/(AH)2 +(AN?/5) [94].
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3.3 Results

The mechanism of the assembly of FGF1 onto a AuNP surface (Figure 3.1) will dictate
the functionality of the FGF1 bio-nano construct. The highly positive heparin binding
domain may interact strongly with the AuNP, thus blocking the heparin site which is
critical for FGF1 function. Alternatively, the His-tag may dominate the assembly placing
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Figure 3.3: FGF1 and FGF1-heparin time course plot with AuCAAKA-FITC, Avg. FITC emission
change (510-520nm, 450exc). Both FGF1 (solid) and FGF1-heparin (dash) show nearly identical
binding rates, with the only difference being that the FGF1-heparin complex appears to displace more

CAAKA-FITC from the surface.

the AuNP in the opposite side of the heparin binding pocket, which would be ideal for
maintaining the protein function for this protein-AuNP conjugate. Such site selectivity
for labeling would open the use of a wide range of recombinant proteins for potential
bio-medical technologies.

The use of Au-CAAKA, which has a zwitterionic character, is expected to
minimize conjugate formation due to reduced electrostatic interactions, therefore
allowing the Hisg-tag to form an encounter complex via Ne coordination of the imidazole
groups as in the model peptide discussed in Chapter 2. The addition of FGF1 (or
FGF1-heparin) to AuNP (1:1 mole ratio) that is passivated by a FITC labeled peptide
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sequence (CAAKA-FITC) leads to rapid release of the CAAKA-FITC from the AuNP
surface and the subsequent re- appearance of a FITC fluorescence signature at the
FITC peak emission wavelength (Aem = 520 nm). In Figure 3.3, the molecular beacon
exhibits a bi-exponential response for FGF1 and for FGF1-heparin over the 15 h of the
experiment. The total fluorescence intensity recovery over the full 15 h time course
experiment is approximately 9% for FGF1, whereas the FGF1-Hep exhibits a greater
FITC fluorescence recovery, 14% relative to free peptide.

Fast Phase Slow Phase
Rate (min ) Amplitude (%) Rate (min ) Amplitude (%)
FGF1 0.0532 (0.0080) 23 (2.2) 0.0022 (0.0002) 77 (1.3)
FGF1-heparin 0.0446 (0.0036) 67 (2.6) 0.0009 (0.0005) 33 (1.1)

Table 3.1: FITC Fluorescence recovery upon addition of FGF1 or FGF1-heparin to AuNP-
CAAKAFITC

The fluorescence curves were fitted to a series of functions with increasing
exponentials. Fitting to a single exponential resulted in large x2 values, which were
significantly reduced in a bi-exponential fit; fitting to a tri-exponential function did not
significantly improve the fit according to the F-statistic. Table 1 shows the rates and
amplitudes from a bi-exponential fit of both data sets. The initial rate of CAAKA-FITC
release for FGF1-heparin and FGF1 are similar, although the amplitude is larger for
FGF1-heparin addition than for FGF1. The largest changes occur in the first 180 mins
(Total Change: 60% for FGF1 and 90% for FGF1-heparin). The appearance of bimodal
dynamics implies the displacement of CAAKA-FITC from the AuNP surface is
influenced by the different exchange sites on the AuNP surface or a two-step release
process on the AuNP surface in time; the protein may effectively sample the AuNP
surface and evolve to the lowest energy binding motif. The drastic alteration of the
kinetic profile (increased short time dynamic response compared to FGF1) when FGF1-
heparin is used suggests that FGF1-heparin has a larger footprint thereby displacing a
greater number of ligands rapidly or the FGF1-heparin limits the number of possible
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random interactions between protein and AuNP since the heparin binding pocket is
already occupied (Figure 3.1).
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Figure 3.4: Far-UV CD of FGF (—) and changes at 15 min (----), 6h (----), and 24h (-----)
following the addition of AuCAAKA to the FGF solution.

Time Dependent Reconstruction of FGF1 on the AuNP surface.
The bimodal kinetics for loss of CAAKA-FITC form the AuNP surface strongly

support a model where initial binding is followed by sampling of the AuNP surface by

FGF1 to minimize the total energetics of the assembly. Evidence of structural evolution
of FGF1 upon interaction with the AuNP surface can be tracked by analyzing the

changes in the structural elements (B-sheet, f—turn, and random coil) of FGF1 protein
interacting with the AuNP surface.

Based on crystal structures for FGF1 and its mutant sym6439, the primary
structural elements consist of B-turns and -sheets, with little to no a-helical character.
In the FGF1 CD spectra, protein B-sheet character which normally exhibits a negative
maximum at 216 nm is not observed, and therefore changes in the B-sheet secondary

structure is interpreted by the changes in molar ellipticity (Bure) at 207 nm, the negative
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maximum, with a more detailed analysis of secondary structure elements using CDPro
software.

In Figure 3.4, the CD spectra of FGF1 recorded at 0, 6, and 24 h shows time
dependent changes. FGF1-heparin was not analyzed by CD spectroscopy. Inthe CD
spectra the most significant time dependent changes occur at < 200 nm (B-sheet) and
207 nm following the mixing of the AuNP and FGF1. Initial Au addition (0 h) results in a
10% loss in the Molar Ellipticity (Bure) at 207nm with further loss up to 6h. Changes in
overall B -turn and B-sheet character for FGF1 upon binding to Au can be quantified by
analyzing the Byure for each sample using CDPro databases [101]. The overall change
in FGF1 secondary structure in the presence of the AuNP is 40% Bygre at 207 nm,
indicative of changes in the B -sheet character of the protein. No changes at 230 nm
(random coil) are observed over the time regime of the study suggesting no random coil
effects upon association with the AuNP. The CD data (using CDPro) implies an initial
change in the B-sheet, followed by a slower change in  -turn. The changes in the CD
spectra can be accounted for by a 10% gain in § -sheet character and a 7% loss in 3 -
turn character for FGF1 following assembly onto the AuNP surface (t = 24 h). The CD
results on FGF1 following coordination to the AuNP surface provides supporting
evidence of structural evolution of the protein occurring over the experimental time

regime as observed in the molecular beacon assay.

NMR Analysis of Protein Backbone.
HSQC 2-D 'H, >N NMR provides a fingerprint of the protein backbone amides

(less proline and the N-terminal residue) to understand changes in backbone chemical
shift frequencies upon binding to the AuNP. The HSQC provides information about the
backbone changes for individual residues, given the dispersity of each peak (minimal
peak overlap) in the spectrum. Changes in both chemical shift and intensity can be
observed depending on the environment of the backbone functional groups, and the
potential contribution from changes in T, arising from restricted motional dynamics,

which would be expected for a protein binding at a AuNP surface [56, 102].
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Figure 3.5: 'H - "N HSQC NMR spectrum of FGF1 (cyan) and FGF1-AuNP (magenta) at 18 h.
Two regions of interest are highlighted: A) a representative region of affected resonances showing
intensity loss, frequency shifts, and no change, and B) the His-tag region.

The change in the FGF1 upon binding heparin (FGF1-heparin) is probed using
HSQC. The HSQC spectra, as well as Ad plot, and a model for binding interactions for
FGF1 versus FGF1-Au is shown in Figure 3.5, 3.6 while a portion of the FGF1-Au, and
the FGF1-heparin-Au is shown in Figure 3.9 A. The HSQC spectra are averaged over

90 min of collection time.
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Figure 3.6: Expanded HSQC spectra for region A and region B at 0, 5, and 18 h after Au addition
for FGF1 (cyan) and FGF1-AuNP (magenta).
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Figure 3.5 compares the full spectrum for the HSQC of FGF1 alone (cyan) and the
FGF1-Au (magenta) complex at 18 h. The time dependent changes of select regions
are shown in Figure 3.6 (A and B at 0, 5, 18 h). Changes in the 2-D spectrum reveal
the major changes in the NMR occur primarily for resonance in the 7.8 — 8.6 ppm 'H /
117-125 ppm "N (Figure 3.6 A; 0, 5, 18 h), and for the range 7.1-7.5 ppm 'H/ 124-131
ppm "N (Figure 3.6 B; 0, 5, 18 h). The largest changes initially in the resonances
assigned to the histidine tag and to resonances near the His tag on the surface of the
protein. At longer times, there are peak losses or perturbations of surface loop
residues, which are known to have intrinsic flexibility. The most significant changes
occur for the histidine tail residues (designated His(I), His(Il) ), as well as the solvent
exposed B -turn residues including Gly19, GIn43, Glu60, Glu81, and His124, and two C-
terminal residues Val137 and Ser139. The changes in the His amino acids are reflected
in the histidine backbone residues between 7.1 — 7.4 ppm ('H). Immediately upon
addition of the protein to the AuNP (Figure 3.6 B-0 h), the resonance at 7.12 ppm
disappears completely while the second Histidine-tag resonance at 7.35 ppm shows
reduced intensity. At time points greater than 5h, complete loss of both residues is
observed in the experimental data (Figure 3.6 B-5h, B-18 h). The loss of the His-tag
peaks in the NMR provides evidence of a FGF1-Au interaction or His-tag interaction
with the FGF1 surface. The His-tag peak loss is expected since there is a change in the
motional dynamics (change in T2) when bound to the surface of the Au, indicative of a
direct, covalent interaction. Similar peak loss associated with motional dynamics was
reported for tri-alkyl phosphines bound to the surface of 1.5nm Au [102].

In Figure 3.6 B-0 h, E60, H124, and G19 show the largest chemical shift
difference between native and bound form. Figure 3.6 B-5 h shows identical changes in
the residues impacted at 0 h (Figure 3.6 B-0 h). In addition, the peak for residue S139
is lost in Figure 3.6 A-5 h. Figure 3.6 A-18 h shows no further changes for any of the
residues in this backbone region.

A more quantitative method to examine the global changes in the FGF1 upon
binding to the surface of the AuNP is to project the NMR data as a Ad plot. The Ad plot

relates the magnitude of the chemical shift differences between the 'H and °N

resonances, as determined by the equation, Ao = \/AHZ +(AN?*/5). In Figure 3.7, the
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Figure 3.7: Ad plots showing and corresponding FGF1 crystal structure (PDB ID: 1RG8 indicating
changes in the FGF1 amide backbone chemical shift frequencies and complete peak losses (*) at A) 0
h, B) 5 h, and C) 18 h after AuNP addition. The solid black line indicates the digital resolution in the
measurements (8.3 Hz). In the structural models of FGF1 at D) O h, E) 5 h, and F) 18 h, the large (red
balls, >50 Hz) chemical shift / peak intensity loss and small (yellow balls, 25 — 50 Hz) are highlighted
in the crystal structure.
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Ad plots for t=0 h (Figure 3.7 A), t=5 h (Figure 3.7 B), and t=18h (Figure 3.7 C) are
shown. Residues that show a Ad > 25 Hz. (digital resolution = 8.3 Hz.) are considered
significant perturbations of the backbone. Using the Ad plot, the amino acid residues
that exhibit large changes (> 50 Hz) upon AuNP binding are labeled with red balls, while
smaller changes (25 — 50 Hz.) are depicted with yellow balls. It is clear that the His
residues are impacted immediately upon AuNP addition, while the C-terminal region
exhibit significant time dependent changes over the entire experimental time regime.
Importantly, the heparin binding pocket on the FGF1 remains largely unaffected by the
AuNP binding, although the E81 residue (a surface residue in close spatial proximity to
the Hisg region) is impacted over all time points. In addition, the AuNP binding
significantly impacts the B-turn regions, with no impact noted for the B-sheet residues in
the structure.

Although the perturbations are localized in the His-tag region and no significant
perturbations are observed in the heparin binding pocket, the induced motional dynamic

contributions in the protein may potentially impact the heparin binding affinity, a critical
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Figure 3.8: Ad plot of FGF1 and FGF1-heparin at t = 0 h. The solid black line at 8.3 Hz
indicates the digital resolution of the measurement. Residues that show the greatest resonance /
intensity difference are labeled as shown.

component for FGF1 activity (NMR studies of FGF1 and heparin derivatives report
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chemical shift changes for residues outside the heparin binding pocket) [94]. To assess
the impact on the heparin binding pocket a pre-bound heparin-FGF1 complex was also
analyzed by HSQC. Heparin was pre-incubated with the FGF1 before incubation to
minimize extraneous electrostatic interactions.

FGF1-heparin NMR studies report that residues with largest chemical shift
differences in FGF1-hexasaccharide complex are N18, H41, L73, H102, G112, G115,
K118, G120, H124, Y135, and 1130 with K118, G120, H124, and 1130 showing the
largest chemical shift.[94] A second NMR study by showed that S17, G20, H21, L74,
E91, N92, K113, G110-G120, and R122-A129 were the most shifted residues upon
formation of FGF-hexasaccharide [92]. This mutant from of FGF1 (sym639) contains a

number of deletions in the heparin binding pocket and has been shown to have a
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Figure 3.9: A) HSQC (‘H - °N) showing a representative region of observed changes at 18
h with FGF1-heparin (cyan) and FGF1-heparin-AuNP (magenta). Resonance assignments are
listed near the corresponding peaks. B) Ad of FGF1-heparin and FGF1-heparin-AuNP
predicts showing resonance frequency shifts and absent peaks (*) for all peaks affected by the
AuNP binding.
weaker binding affinity (higher Ky) than the wild-type FGF1 [103]. A better comparison
of heparin function for this mutant is to examine the residues that are directly affected

by heparin in a HSQC and Ad plot of FGF1-FGF1-heparin (Figure 3.8). The residues in
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FGF1 (sym649) that are most affected by heparin are H41, L46, E81, E9Q0, W107, K113,
1130.

Figure 3.9 displays a selected area of the HSQC "H-">N NMR spectra for FGF1-
Au, and FGF1-heparin-Au at 18h. Figure 3.8A displays an overlay of a representative
region of the full HSQC of FGF1-heparin-Au (cyan), and FGF1-Au (magenta) at 18h.
The residues that show complete loss of intensity are H(I), H41, V137, and S139, with
G19, D36, W107, L135, and N114 showing large chemical shift differences as shown in
Figure 3.9 B. Many of the residues effected by heparin binding initial at t=0 with FGF
and again at 18 h in the presence of Au are identical in both experiments, H41, W107,
and C-terminal residues.

One important note is that the absence of substantial differences in the Ad
between the FGF1-Au and FGF1-heparin-Au suggests that no major differences for
heparin binding are noted with the Au. If the heparin were to release from the FGF1
upon binding to the AuNP, we would expect a large number of chemical shift differences
to occur. Though not direct evidence, it is likely that the FGF1-heparin remains stable in

time with AuNP present.
3.4 Conclusions

In Chapter 2, Hisg peptides were shown to bind directly to a AuNP through the Ne of the
imidazole side chain of Histidine residues. The experimental data in Chapter 3
demonstrates that a recombinant His-tag FGF1 protein has been successfully attached
to a 1.5 nm Au nanoparticle through direct binding of the Hisg tag to the Au surface. A
covalent attachment to the AuNP is expected since the previous results for Hisg
peptides have shown direct His binding to a AuNP through the Ne. The covalent
attachment of His-tag proteins to Au nanopatrticles results in minimal loss in secondary
structure and no loss in function for the FGF1. The binding kinetics of FGF1-Au complex
is slow, requiring almost 6 hours for complete stabilization of the protein-nano conjugate
while the FGF1-Hep-AuNP achieves a stable assembly in 2 hours.

The loss of His-tag resonances in the presence of AuNP is explained by the
enhanced relaxation caused by the Au atoms or by intermediate time-scale chemical
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exchange. Alternatively, the loss of His-tag resonances may be due to kinetic exchange
of the FGF1 at the AuNP surface. The resonance frequency changes seen in FGF1
indicate a change in the chemical / magnetic environment without changes in relaxation.
These types of changes typically are interpreted to indicate structural change, although
the exact change cannot be determined from the Ad value.

Based on the experimental results for FGF1 and FGF1-heparin assembled onto
the AuNP surface, the most likely binding motif is shown in Figure 3.1 A. The initial rapid
release of the CAAKA-FITC (Figure 2) corresponds to the His-tag binding to readily
accessible vertices and edges of the AuNP [57, 62], followed by slow displacement of
CAAKA-FITC due to steric interactions with the FGF protein as it interacts with the Au
surface. The FGF1-Hep complex may provide a more accessible His-tag, which results
in a faster initial binding rate Table 3.1 and a diminished slow rate. This model for the
differences in dynamics for assembly between FGF1 and FGF1-heparin supports an
evolving AuNP surface interaction resulting in the bimodal CAAKA-FITC release
dynamics.

It is unclear whether C-terminal (Figure 3.1 C) and B-turn chemical shifts through
the extent of the experiment are caused by direct AuNP interaction with these residues
or due to motional dynamic changes [94] with AuNP binding to the His-tag region.

Given the time-dependent change in these residues, it is likely that these residues are
impacted through protein surface interaction with the AuNP until the final, selective Hisg-
tag binding is complete. No evidence of interactions at the heparin site (Figure 3.1 B)
are observed in the time dependent experiments. FGF1 assembly onto the AuNP
surface shows no loss of the function (heparin binding) and minimal changes in
secondary structure according to HSQC results and CD spectroscopy results.

The ability to bind Au nanopatrticles to His-tag proteins opens another interfacial
bridge between biology and nanoscience. This structure / function study of FGF1-AuNP
binding provides evidence of stable, direct protein-Au conjugation without loss of normal
function. This study enables further use of AUNP with recombinant His-tag proteins for
intracellular delivery, biophysical studies, sensing, imaging, and other nano-biomedical

applications.
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CHAPTER 4

DEVELOPMENT OF A BIMODAL MR CONTRAST AGENT FOR HIGH FIELD MRI
4.1 Introduction

Magnetic resonance imaging (MRI) has emerged as powerful clinical tool for
diagnostics and eliminates the need for non-invasive imaging in soft tissue [104, 105].
MRI relies on the density and magnetic fields of protons in a tissue sample, which have
varying relaxivity differences (T1 and T2 effects) depending on the microenvironment of
the water protons. MRI allows for the greatest spatial resolution of all other common
technigues such as CT-scans and X-ray, but lacks the sensitivity of PET scans that rely
on radionuclei for increased sensitivity [105]. To combat the decreased sensitivity, MRI
contrast agents (CA) are being developed, which influence the relaxivity rates of water
protons in contact with these chemical agents.

Two current areas of CA development include Lanthanide-ion (i.e., Gd*", Eu®,
Dy**) doped low molecular chelators (DOTA, DTPA) and superparamagnetic iron oxide
nanoparticles (SPIO). Lanthanide chelate contrast agents such as FDA-approved Gd-
DTPA agents serve as positive CA, and are touted because these molecular materials
are easily cleared from the body by normal pathological processes [106]. The positive
CA are characterized by brighter sections in the MR image caused by shortening of
both the longitudinal relaxation (T1) and transverse relaxation (T2), but because T1 is
larger than T2 the T1 image brightening effect is observed [105]. Current nanomaterial
based MR contrast agents include the FDA-approved SPIO Feridex (Advanced
Magnetics, Inc.), which is used as a blood pool MR contrast agent. These
superparamagnetic materials are categorized as negative contrast agents because of
the darker MR images they produce, due to the shorter transverse relaxation (T2) time
differences of the water protons exchanging energy with the superparamagnetic
material [105].

With continued development of emissive quantum dots in biological applications,
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bimodal contrast agents that utilize cadmium based quantum dots are being developed
for MR contrast. Bimodal MR contrast agents that couple metal chelators and
fluorescent quantum dots allow for simultaneous MRI and optical tracking methods in
cells and soft tissue. Quantum dots provide a photostable alternative to organic dye
molecules, and can be color-tuned according to the size of the material. Quantum dots
have broad excitation wavelength, large Stoke shifts, and narrow emission lines when
compared to commercially available dyes [22]. The surface of the quantum dot
provides a large surface area that can be functionalized with a number of ligands
(Figure 4.1) for cell delivery (cell penetrating peptides), imaging (antibody-antigen
receptor binding — Fab), and drug delivery (siRNA, linearized plasmid, DNA aptamers),
and can easily incorporate a number of different ligands on the same surface for
increased functionality [31, 107-112]. Developing a safe, non-toxic bimodal contrast
agent (CA) with a high-field responsive paramagnetic ion for improved imaging
constitutes the major goal of this work.

peptide / protein

linear
plasmid

ﬁ ‘DNA /RNA

«@W

Figure 4.1: Model of possible ligand types that can be assembled on a quantum dot surface
including linear plasmids, antibody fragments (Fab), short DNA or RNA strands, and peptides
or proteins.
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Quantum dots with paramagnetic surface ligands, usually appended with Gd-
DTPA, [113-117] or direct nanocrystal doping with Mn?*[118, 119] have been used
successfully as CdSe-based biomodal CA. A major obstacle for biomodal contrast
agents especially CdSe-based nanomaterials is biocompatibility (renal clearance),
biological stability, and aqueous solubility [105]. Concerns about cadmium and
selenium environmental and physiological toxicity [120] make InP based quantum dots
a more bio- and environmentally compatible [121] material for bimodal contrast agent
(CA) development. Although further nanotoxicology studies with InP quantum dots are
warranted, much research has been done on InP bulk material that is routinely
manufactured and used in semiconductor industries. Studies on bulk InP materials on
laboratory animals has shown efficient fecal excretion of indium[122], but have noted
pulmonary lesions from intratracheal administration at high doses and long-term
exposure [123-125], and reproductive organ effects with severe, long-term exposure out
to 2-years [126]. Of note, no subject deaths were reported for large dose or long
duration exposure to InP in the aforementioned studies.

The choice of the semiconductor quantum dot, surface ligand charge, and
hydrodynamic radius are vital for minimizing cell-disruptive responses and for complete
clearance of quantum dots in live animals. Core-shell adducts of CdSe or CdS exhibit
less toxic effects in intracellular [127-131] and live animal models [132] and is likely
abrogated by the ZnS shell preventing penetration of O, to the core Cd?* and decreased
ROS formation casued by CdSe [133]. Maintaining a stable ligand shell in the reductive
cellular environment is necessary to further attenuate toxicity of Cd-based
nanomaterials[133]. Size, charge, and biodegradability of the quantum dot platform are
critical to reduce immunogenic response (greatest with cationic particles), serum and
cellular protein adsorption [134] (charge and hydrophobic interaction), and particle
clearance (size and charge) [135]. Particle hydrodynamic radii 5.5 nm, zwitterionic
surfaces, and biodegradable components, enhance renal clearance in a rat model of
quantum dot fate and transport [136]. Quantum dots greater than 5 nm in size have
exhibited lymph node retention [137] while maintaining fluorescent stability up to 2 years
[132].
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Intracellular delivery of the bimodal CA requires a pH stable macrocyclic
lanthanide metal chelator with high metal affinity center. The lanthanide chelator
1,4,7,10-Tetraazacyclododecane-N,N',N",N""-tetraacetic acid (DOTA) coupled with Dy>*
ion provides a pH stable [138] improved CEST agent due to the exchangeable amide
protons in proximity to the metal ion [139], compared to diethylene triamine pentaacetic
acid (DTPA), which chelates through the acetate moieties. Dysprosium (Dy>*) is
preferred to Gd** for high magnetic field contrast studies due to the slow water
exchange rates and subsequent T2 effect [140, 141].

Many quantum dot and nanomaterial delivery mechanisms exist. For optimal
intracellular particle delivery, a cell-penetrating peptide (cpp) and commercially available
cationic liposomes are used for Chinese hamster ovary cell (CHO) transfections. A very
common cpp is Tat (Transactivator of Transcription), which is derived from the Tat
sequence of the HIV capsid protein. The use of Tat peptide (YGRKKRRQRRR) for
gene delivery and cell transduction has increased due to its efficient cell translocation
ability, and has been used for gene delivery and therapeutics [142-144] and
nanoparticle delivery [28, 29, 31, 34-36, 145, 146]. Until recently it was believed that
Tat peptide and commercial cationic liposomes, including Optifect and
Lipofectamine2000 (Invitrogen), were both transfected by caveolin and clathrin-
mediated endocytosis [147]. Tat peptide transduction was thought to be an energy
independent pathway, but the transfection was determined to be temperature
dependnent with live cell experiments and not fixed cell experiments [142-144]. The
endocytosis mechanism for Tat peptide has been determned to be macropinocytosis
(Figure 4.2), or fluid phase endocytosis, which is an actin mediated pathway [142, 144,
147]. The macropinosomes are usually more a larger size, up to 5 um in size, show
more cytosol leaking that endosomes, and typically redistribute the contents to the cell
surface [147].

Figure 4.2 shows the mechanism for cationic liposomes cell transfection that
occurs through clathrin-mediated pathways. These liposomes are process in the lyso-
endosomal pathway, forming early and late endosomes before fusing with lysosomes
for degradation [147-151]. The two types of early endosomes that form are sorting
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Figure 4.2: Mechanism of cationic liposome clathrin mediated endocytosis and
macropinocytosis of Tat peptide for intracellular transfection. For clathrin-mediated
endocytosis the cationic liposome fuses with the anionic cell membrane which initiates
endocytosis. At this point, the early endosome can be processed through two paths: the
package can be process through the late endosome to the lysosome for degradation or the
endosome can be disrupted and the cargo is released into the cytoplasm. In
macropinocytosis with Tat peptide, the peptide interacts with the surface and is endocytosed
using an actin mediate pathway. Macropinosomes are not processed in the endo-lysosomal
pathway, and package release is meditated by macropinosome leaking.

endosomes or recycling endosomes that return the packaged material to the cell
surface [149]. The most critical step for efficient cargo delivery is the early and late
endosomal release prior to lysosome fusion, thereby permitting cytosol diffusion and
nuclear membrane localization [147-151]. The cationic liposomes are thought to aid
endosomal release because of the cationic surface interaction with the anionic clathrin
lipid bilayer [149]. Finally, nuclear membrance and nuclear transolocation (for gene
delivery) become the limiting step. Cytosol diffusion to the nucleus has been shown to
be dependent on DNA length, with short strands (~20 base pairs) able to circumvent
molecular crowding issues in the cytosol and larger plasmid-sized DNA strands having
much slower nuclear diffusion rates [149, 152]. The release of the CAAKA-DOTA-Dy
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Figure 4.3: Molecular model representing CAAKA with DOTA-Dy appended through the Ne
of the Lvs side chain.

and CAAKATat-DOTA-Dy from the endosomes is necessary to improve T1 and T2
contrast because of the large pool of water available in the cytosol. Inefficient release
would decrease the transverse relaxation effect expected from Dy** interactions as a
chemical exchange saturation transfer effector on the cytosol water.

This study will show bimodal contrast in live CHO cells using the macrocyclic,
metal chelator DOTA doped with Dy** ions appended to the surface of an InP/ZnS
quantum dot using a peptide linker. Bimodal contrast of the live cells is successfully
demonstrated with both InP/ZnS-CAAKA-DOTA-Dy and InP/ZnS-CAAKATat-DOTA-Dy
by parallel imaging of cell samples optically by confocal microscopy and MR at 21.1T on
a 900 MHz magnet.

4.2 Materials and Methods

CAAKA-DOTA-Dy or CAAKA-Tat-DOTA-Dy formation

The DOTA-Dy-CAAKA (Figure 4.3) and DOTA-Dy-CAAKATat (Tat =
YGRKKRRQRRR) conjugates were prepared by the condensation reaction of the
DOTA-Dy complex lysine (K) of CAAKA (Figure 4.3) or CAAKAYGRKKRRQRRR via a
succimidyl ester. The DOTA-Dy complex is formed by mixing a 1:1 mole ratio of
DyClsxH20 to DOTA (Strem) in MOPS buffer (pH=6.5) for 3 h at 80°C. The DOTA is
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converted to the mono-succimidyl ester by treatment of the Dy-DOTA complex by 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4:1 mole ratio
relative to DOTA) for 10 mins. to convert one of the carboxylate functionalities to the o-
acylisourea intermediate. Treatment with N-hydroxysulfosuccinimide (Sulfo-NHS) (1.2:1
mole ratio to EDC) for 1h produces the mono-functionalized succinymidyl ester of the
DOTA-Dy complex. A 4:1 ratio of DOTA:EDC was used to ensure that only one
carboxylate of the DOTA would be converted to a succimidyl ester [153] . The CAAKA
or CAAKAYGRKKRRQRRR peptide was added in equimolar ratio (for single K labeling)
to the original Dy-DOTA, mixed and incubated for 4h at room temperature, and the
resultant complex was purified by HPLC (Jupiter-C18; Phenomenex) using a 5-20%
linear gradient of 100% CH3CN and lyophilized for later use (Figure 4.4).

0.25 — 0.25
0.20 - - 0.20
0.15 - 0.15
5 >
< 8
= H P S
E 010+ 3 P - 0.10 3
8 H N f;
< — Abs. 300 nm c
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0.00 < 1L~ Sl AN 0.00
0.05 =& Rk : : : : 4= -0.05
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Figure 4.4: HPLC of CAAKA-DOTA-Dy that shows the unlabeled CAAKA (8.0 min.)
starting material and the desired product CAAKA-DOTA-Dy (16 min.). The CAAKA-
DOTA-Dy is identified by the weak absorbance at 300 nm, which is absent from the
CAAKA peptide alone. The 300 nm absorbance is due to the Lanthanide macrocyclic
complex (Dy-DOTA) absorbance.
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InP-ZnS core-shell Nanocrystals

ZnS capped InP core-shell nanocrystals were prepared using a Microwave
assisted lyothermal synthetic technique as described previously [154]. Breifly, stock
solutions of In® in the form of indium palmitate (INPA) and P* in the form of TMS-
phosphide in decane were combined in a 1:3 mole ratio in a microwave reactor. The
nanocrystals were grown at 300W, 280°C for 15 mins. with “active cooling” applied in a
modified CEM Discover system. The microwave generated InP nanocrystals are 3 nm
in size and a passivated by palmitic acid. Formation of the core-shell is accomplished by
shelling isolated InP by ZnS following lyothermal methods outlined in literature
procedures. Briefly, the core-shell structure is prepared by dissolving the InP
nanocrystals in a 1:2 (v/v) trioctylamine to dodecylamine solvent mixture heated to
250°C. The shell is formed by slow addition of a Zn:S solution generated by mixing
(Me)2Zn, TMS-S in tetrabutylphospine. The core-shell ZnS/InP is isolated by treatment
with toluene followed by MeOH precipitation.

CAAKA-DOTA-Dy and CAAKATat-DOTA-Dy passivated InP/ZnS

Formation of the CAAKA-DOTA-Dy (or CAAKATat-DOTA-Dy) passivated
InP/ZnS is achieved by modification of a standard method [155]. Briefly, CAAKA-
DOTA-Dy (1 mg) dissolved in 200 yL DMF (5 mg/mL peptide) was added to a solution
composed of 2 mg sample of InP/ZnS dissolved in 2 mL CH.Cl>:DMF (9:1, v/v). The

sample was stirred for 1h and a solid pellet collected by centrifugation after washing

with CH>Cl, and DMF. The sample was dissolved in nanopure water and dialyzed
(3000 MW cutoff) in 20 mM Phosphate buffer with 50 mM NaCl (PBS), pH=7 to remove
residual solvent and peptide.

CHO cell transfection with InP/ZnS-CAAKA-DOTA-Dy

To achieve nanocrystal transfection, 50 ug of InP/Zns was incubated with 10 pL

of Lipofectamine2000 transfecting agent (Invitrogen) for 20 mins prior to addition to the
cell samples. CHO (Chinese Hamster Ovary-K1) cells grown in DMEM media
supplemented with non-essential amino acids were plated in 10 cm? sample dish and
transfected with the InP/ZnS-Lipofectamine at 90% confluence (~1.8x10° cells) following
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the manufacturers suggested procedure. Samples were allowed to incubate for 24 h,
washed with Tris-buffered saline (TBS), trypsinized with TrypLE (Invitrogen), and finally
re-suspended in media. The MRl measurements were carried out on either a cell pellet
or the CHO cells in agarose. Agarose samples were formed by mixing an equal volume
of ~150,000 cells in media with a 2% Agarose sample (1% agarose final concn) and
layered in a 10 mm borosilicated NMR tube with 1% agarose layers separating cell
layers as shown in Figure 4.5. Setup of control samples (CAAKA-DOTA, CAAKA-
DOTA-Dy, and InP/ZnS-CAAKA) was done using 50 ug of each sample as well as the
identical protocol for cell transfection, isolation, and agarose suspension.

Dosing experiments with InP/ZnS-CAAKA-DOTA-Dy were performed following
the same transfection, isolation, and agarose suspension protocol listed above except
for varying amounts of InP/ZnS-CAAKA-DOTA-Dy was added to each separate cell
sample dish: 0, 0.5, 5, 50, and 500 ug.

10mm

5 CHO + InP/ZnS-CAAK A (2mm thickness)

4  CHO + InP/ZnS-CAAKA-DO TA-Dy (2mm thickness)

3 CHO + CAAKA-DOTA-Dy (2mm thickness)

2 CHO + CAAKA-DOTA (2mm thickness)
1% agarose spacer (3mm thickness)

1 CHO cells alone (2mm thickness)

Figure 4.5: CHO cell layering setup in 10mm diameter borosilicate
NMR tube for MR imaging. A 1% agarose gel is used for spacer
layers between each 1% agarose layer containing CHO cells
transfected with each unique sample.

InP/ZnS-CAAKATat-DOTA-Dy CHO cell transfection
For Tat-mediated cell transfection with InP/ZnS-CAAKATat-DOTA-Dy 50 pg of
InP/Zns was added directly to 1.8x10° CHO cells (90% confluence) grown in DMEM

media supplemented with non-essential amino acids were plated in 10 cm? sample.
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Samples were allowed incubated for 24 h, washed with Tris-buffered saline (TBS),
trypsinized with TrypLE, and finally re-suspended in media. The MRI measurements
were carried out on either a cell pellet or the CHO cells in agarose. Agarose samples
were formed by mixing an equal volume of ~150,000 cells in media with a 2% Agarose

sample (1% agarose final concn).

MRI Imaging sample preparation with agarose tissue mimic

MR imaging was performed at 21.1 T ultra wide bore (UWB) vertical magnet
constructed at the National High Magnetic Field Laboratory (NHMFL). A 10 mm Bruker
RF birdcage resonant at 900 MHz was used for 'H detection of the CHO cell — agarose
layers. Slice thicknesses were 0.5 mm with 148 x 80 x 500 um resolution in all
samples. For the T1 measurements a 2D Spin Echo sequence was used in all
measurements with an Echo Time (TE) of 7 ms and varying Repetition Times (TR) of
50, 150, 300, 750, 1500, 6000, and 15000 ms. The T2 measurements also used a 2D
Spin Echo sequence with constant TR=5000 ms and variable TE times (10, 15, 20, 25,
35, 45, 65, 85, 100, 120 and 300 ms). Finally, T2" measurements used a 2D Gradient-
Recalled Echo sequence with TR = 5000 ms and variable TE (3, 5, 7, 11, 13, 15, 17, 19,
21, 23, 33, 43, 63 and 83 ms).

4.3 Results

In Figure 4.3, a live cell image of the CHO cells 24 h post-transfection with
Optifect and InP/ZnS-CAAKA-DOTA-Dy shows the fluorescent InP/ZnS quantum dot is
within the cell membrane. The quantum dots are evenly distributed in most of the cells
in the field of view and show some bright regions within the cell, which are likely
endosomes. MR imaging of the InP/ZnS-CAAKA-DOTA-Dy in Figure 4.7 shows that the
4™ layer (Figure 4.5) contains the InP/ZnS-CAAKA-DOTA-Dy and is the only layer that
shows T2 contrast. There is no visible T2 contrast seen in any of the other control
sample layers. The T2 value for each agarose-cell layer is given in Table 4.1. Layer 4
is the only layer that has a change in T2 value (76.6 msec) when compared with the

agarose layer alone (104.3 msec). The T1 values remain unchanged for all the
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Figure 4.6: Brightfield DIC overlay with TRITC epifluorescence displaying
the endocytosed InP/ZnS-CAAKA-DOTA-Dy in CHO cells.

samples. Figure 4.8 displays the difference in negative contrast (T2 effect) for varying
doses of InP/ZnS-CAAKA-DOTA-Dy, while Table 4.2 reports the T1 and T2 values for
each agarose-CHO layer in the dosing experiment. As expected, increasing the initial
amount of InP/ZnS-CAAKA-DOTA-Dy delivered to the cell results in a substantially
greater T2 value (Table 4.2) and more visible negative contrast (Figure 4.8). The
maximum T2 value was achieved at 500 pg initial loading (52.1 msecs), which is much
lower that the 0 mg control sample (117.5 msecs). A minor change in T1 time is noted,
but visible positive contrast from the T1 difference was not noted for these samples.

In contrast to the InP/ZnS-CAAKA-DOTA-Dy, the InP/ZnS-CAAKATat-DOTA-Dy
displays a noticeable T1 effect in solution (Figure 4.9) compared to InP/ZnS-CAAKA-
DOTA-Dy. In Figure 4.8, a comparison of the CAAKATat-DOTA-Dy and InP/ZnS-
CAAKATat-DOTA-Dy shows that appending the peptide-contrast agent conjugate to the
surface of the InP/ZnS results in more visible T1 effect for both the agarose and solution
sample under identical conditions. Addition of the the InP/ZnS-CAAKATat-DOTA-Dy to
the CHO cells with and without Lipofectamine2000 transfecting agent results in no
measurable difference in the T1 contrast between the samples and the controls (Figure
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Figure 4.7: MR image of layers of CHO cells containing 1)
CHO cells alone, 2) CHO cells + CAAKA-DOTA, 3) CHO cells
+ CAAKA-DOTA-Dy, 4) CHO cells + InP/ZnS-CAAKA-DOTA-
Dy, and 5) CHO cells + InP/ZnS+CAAKA. The negative
contrast seen in layer 4 indicates a T2 difference with the CHO
cells transfected with InP/ZnS-CAAKA-DOTA-Dy. The cells are
suspended in a 1% agarose gel to act as a tissue mimic. The
space between each layer is also 1% agarose and is used for T2
measurements of agarose alone.

T1 [msec] T2 [msec]
5) CHO-CAAKA-Qdot 3036.0 +116.4 |102.1 +14.2
4) CHO-CAAKA-DOTA-Dy-Qdot [2911.9+121.2 |[76.6 £ 11.1
3) CHO-CAAKA-DOTA-Dy 2927.3+1411 [101.3+£17.3
2) CHO-CAAKA-DOTA 3174.9+2241 |[108.2+13.6
1) CHO 3627.9£679.7 [101.4+17.8
Agarose 3012.1 +80.7 104.3 +8.2

Table 4.1: T1 and T2 measurements for samples in Figure 4. Minimal

differences in T1 relaxation is observed across all samples. A difference in

T2 is only noted for layer 4, InP/ZnS-CAAKA-DOTA-Dy.
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Figure 4.8: A) MR image and B) 3D Gradient Echo of InP/ZnS-CAAKA-DOTA-Dy
transfected into CHO cells with Lipofectamine2000 using varying amounts of initial
contrast agent at varying dose levels. 1) 0 ug, 2) 0.5 pg, 3) 5 ug, 4) 50 ug, and 5) 500 pg.

InP/ZnS-CAAKA- T T2

DOTA-Dy (ng) (msec) | (msec) | T2 Linked | T2 Star
0 3373.8 1175 | 116.1 37.9
0.5 3070.3 |116.6 |86.7 95.7

5 2965.6 107.0 110.1 64.6

50 2939.4 | 98.6 63.2 36.4
500 2924.8 52.1 21.4 7.2
Agarose 3207.1 102.1 105.2 71.0

Table 4.2: Calculated T1 and T2 values from dosing samples in Figure 4.6.
There is little change in T1 with increasing dose, but T2 decreases with each
increase in the total InP/ZnS-CAAKA-DOTA-Dy transfected in each cell sample.
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Figure 4.9: MR image at 900 MHz with 1) CAAKATat-Dota-Dy
in H,0, 2) CAAKATat-Dota-Dy in 1% Agarose, 3) InP/ZnS-
CAAKATat-DOTA-Dy in H,0, and 4)InP/ZnS-CAAKATat-
DOTA-Dy in 1%Agarose. All samples are contained in a flame-
sealed 1 mm (i.d.) borosilicate capillary tube and are surrounded
by water to enhance the T1 difference between bulk water and
water in exchange with the Dy-DOTA complex.

Figure 4.10: 3D Gradient Echo Image of InP/ZnS-CAAKATat-
DOTA-Dy without Lipofectamine (1) and with Lipofectamine (2).
No contrast difference is noted upon visual inspection.
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Sample T2 [ms] || T1 [ms]

InP/ZnS-CAAKATat-DOTA-Dy
with Lipofectamine2000

CHO cells alone 96.0 2882.1

53.6 2916.2

InP/ZnS-CAAKATat-DOTA-Dy Alone 52.6 2909.9

Agarose 100.9 2946.3

Table 4.3: Tabulated results of InP/ZnS-CAAKATat-DOTA-Dy
transfection with and without Lipofectamine2000 compared to CHO
cells alone. The Lipofectamine2000 is not necessary for efficient
transfection of the InP/ZnS-CAAKATat-DOTA-Dy material, and is
most likely transfected solely with the Tat peptide on the surface.

4.10). Alarge T2 difference is noted with the InP/ZnS-CAAKATat-DOTA-Dy compared
to the control (Table 4.3), although no difference in T2 was measured for the sample

with and without transfecting agent.

4.4 Conclusion

The InP/ZnS-CAAKA-DOTA-Dy and InP/ZnS-CAAKATat-DOTA-Dy both perform
well as bimodal contrast agents for obtaining MR and fluorescence microscopy
measurements with CHO cell pellets and CHO cells suspended in an agarose tissue
mimic. The observed T2 differences for the bimodal CA in cells when compared to
control samples is most likely due to the large number of peptide-DOTA-Dy complexes
(approximately 82 DOTA-Dy per InP by XRF) attached directly to the surface that is
delivered as a large, localized CA package. The T2 improvement with the dosing
experiment further corroborates a high, localized loading of the CA using the InP/ZnS
surface as a scaffold. The conjugated sample performs well as a high field contrast
agent, as is expected with a Dy** paramagnetic ion.

The InP/ZnS-CAAKATat-DOTA-Dy results indicate that T1 contrast with the Tat
delivery may be possible. Furthermore, the Tat endocytosis by macropinocytosis was
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not perturbed by appending the DOTA-Dy to the peptide. The minimal difference in
measured T2 for the InP/ZnS-CAAKATat-DOTA-Dy transfection with and without
Lipofectamine is not surprising. Most cationic liposomes are designed to condense
DNA plasmids that have a poly-anionic phosphate backbone, so it is unlikely that the
cationic liposome could interact with the poly-cationic Tat peptide surface. It is likely
that both samples (with or without Lipofectamine) with InP/ZnS-CAAKATat-DOTA-Dy
transfected the cell with identical mechanisms, likely macropinocytosis, which resulted
in no measurable T2 difference in the samples. The use of InP/ZnS appended with
CAAKA(Tat)-DOTA-Dy as a bimodal contrast agent is shown.

The InP offers a more biological and environmentally friendly alternative to traditional
CdSe-based quantum dots. Efficient transfection of the contrast agent can be done with
either a commercial cationic liposome transfecting agent or with appending the Tat
peptide to the quantum dot surface. The Tat uptake mechanism does not seem to be
perturbed with the appended DOTA-Dy to the Lys side chain in the peptide sequence,
but futher experiments comparing the uptake mechanisms of the material with or
without DOTA-Dy are necessary for an accurate evaluation

4.4 Future Work

Future work with the bimodal contrast can be expanded in many directions.
Work iscurrently underway to increase the “payload” or number of DOTA-Dy on the
surface of the InP/ZnS. Improving the delivered payload can be accomplished by
incorporating more Lys residues and subsequently more DOTA-Dy on to the Tat
sequence. Currently, only one DOTA-Dy is appended to the Tat peptide sequence. A
second goal is to increase the T1 contrast (positive contrast) with Tat by labeling the
peptide sequence with DOTA-Dy through a C-terminal Lys, thereby hopefully increasing
the rapid water exhange rate in the cytosol. Further tests with other trivalent
Lanthanides, especially Eu and Tm, is critical.
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CHAPTER 5

NANO-MEDIATED DELIVERY OF DUAL GENE REGULATORS

5.1 Introduction

Individuals afflicted with genetic disorders traceable to protein mutations (i.e
cystic fibrosis, sickle cell anemia) have the potential for improved well-being and
longevity if the aberrant protein can be deliberately manipulated by controlled
knockdown or transient expression of the proper protein. Gene therapeutics based on
siRNA for knockdown and non-native gene introduction can systematically target a
genetic mutation and provide expression of the non-mutated form. Introduction of non-
native gene regulators into cells via transfection, whether it's a gene with promoter or
short interfering RNA (siRNA), opens the potential for stimuli-induced transient gene
expression and/or gene knockdown as an alternative medical technology in the form of
a drug regimen. While delivery of gene regulators via viral pathways has been
extensively reported, the use of stimuli-responsive nano-carriers offers a non-viral gene
therapeutic delivery strategy [156] where issues of immunogenic response or protein
over-expression due to gene insertion can be easily circumvented [157]. A recent
development in the field has employed nanoscale materials below 5 nm in size
(quantum dots and nano metals) as the scaffold for control over the dosage level, and
duration of function of the gene therapeutic [136, 137, 158].

Recent studies in the field have focused on either gene delivery or siRNA
knockdown within mammalian cells via a nano-scaffold gene therapeutic delivery, in
particular surface modified nanoscale metals and semiconductor quantum dots [159-
166]. These studies clearly demonstrate that while transfection is efficient, gene
regulation is only moderately effective. The nanomaterial delivery platform is less
efficient than achieved using a viral vector. However, a nanomaterial platform offers the
opportunity to engineer a system that not only delivers a gene, but can also deliver
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siRNA for knockdown of protein expression, and can couple peptide or proteins to
control cellular uptake into targeted cells. The difference in gene regulator effectiveness
for the nano-platform can be traced to apparent limitations arising from the release of
the gene regulator from the naomaterial surface [167, 168], slow endosomal/ lysosomal
escape, or exocytosis via lysomal pathways. This chapter aims to expand the state-of-
the-art for nano-biomedical gene therapeutics by combining both transient expression
and gene knockdown through the use of a 5.7 nm AuNP co-loaded with siRNA and a
linearized gene capable of regulating fluorescent protein expression levels in a
mammalian cell (Lec-1). The gene regulators are covalently attached to the AuNP
surface to prevent dissociation prior to intra-cellular delivery. In addition, we probe the
limiting steps for gene regulation are probed by the two independent gene regulatory
functions of linearized DNA (IDNA) (the gene) and siRNA using an NSET molecular
beacon approach [64, 169] for tracking.

Using a cationic liposome (Optifect; Invitrogen) on 30% confluent cells, the
delivery of the nano-gene regulators and the gene regulatory function in-vitro is followed
in-real time on live mammalian cells. In these studies, it is observed that native gene
knockdown via siRNA interruption of gene translation of eGFP is nearly immediate (<
12h); however is short-lived with measurable increase in eGFP levels 36 h following
transfection. In contrast, non-native protein expression (DsRed-express), which is
initiated by transport of the delivered linearized gene to the nucleus, is observed to
slowly turn-on requiring 36 h, yet continues to produce DsRed-express up to 10 days
after the transfection period. Gene expression levels for eGFP return to control levels
by 60 h, while for DsRed-express 14 days are required. The long duration for non-native
gene expression in these cells (average doubling rate of 14h) implies that daughter cell
populations contain the gene therapeutics by division of the endosomal packages
during mitosis. In the NSET beacon analysis, the observation of the splitting of the
gene regulators by daughter cells during mitosis is tracked by wide-field optical
microscopy in time. In order to track the mechanism that limits the rate of gene
regulatory function, the events associated with transfection, release from a AuNP
surface, and escape from the endosome are followed using a nanometal surface energy
transfer (NSET) beacon. These results strongly suggest that for liposomal mediated
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transfection neither the transfection event nor release from the AuNP in the
endsdosome limit the gene regulatory capability of the nanoscaffold. It appears that the
escape from the endosome is the limiting step [32, 170] and more importantly is
dependent on the length of the nucleic acid package, rather than the type of gene
regulatory element. The result of these studies implies that bimodal gene regulation is
achievable in mammalian cells, but endosomal escape must be induced in response to
cellular stimuli to permit the timing of gene regulation to be definitively controlled.

5.2 Materials and Methods.

Bimodal gene requlation with siRNA and linearized DsRed-express gene

For bimodal gene regulation, a 33-base single-strand siRNA with 5’-monothiol
(Midland) for eGFP knockdown [171] and linearized pCMV-DsRed-express plasmid
(Clontech) were attached to the surface of bis(p-sulfonatophenyl)phenylphosphine
(bSPP) passivated 5.7 nm AuNPs via standard ligand exchange protocols. The pCMV-
DsRed-express circular plasmid was cut at restriction sites for AFLIII and Nhel resulting
linearized DNA with a blunt 5’ terminal end (Nhel) and a 3’ 3-base pair overhang, which
can be ligated usingT4 ligase (New England Biolabs, Inc) to a short, thiol-terminated
dsDNA sequence for coupling to the AuNP surface. The exchange of the bSPP surface
passivant by siRNA and linearized plasmid was accomplished by sequential exchange
through initial DsRed appendage, followed by siRNA loading. The reaction was allowed
to equilibrate at +4°C for 10d. Unreacted material is removed by ethanol precipitation
followed by gel analysis on a 2% TBE-Agarose gel. The loading ratio of DsREd-
express linearized plasmid and single-strand siRNA to DsRed is 100 : 1 mole ratio

based on initial loading stoichiometry.

Simultaneous knockdown and transient protein expression.

Knockdown and transient protein expression cell experiments were performed in
an eGFP stable transform of Lec1 (Chinese Hamster Ovary cell variant), with 50%
secretion of eGFP. Molecular beacon release kinetic experiments were performed in
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CHO-K1 cells. Both CHO cell variants were grown at 37°C in Dulbeccos Modified
Eagle’s Medium (DMEM) supplemented with 10% non-essential amino acids, 10%
cosmic calf serum, 1% antibiotics / antimycotics, and 0.1% Gentamycin. Cell
transfection was performed at 30% confluence (~0.5 x 10° cells) in a 6-well plate or
35mm live-cell imaging dish (Matteck Corp) using Optifect (Invitrogen) according to the
manufacturers recommended procedure for siRNA delivery.

The cells were allowed to incubate in the transfecting media for 18 h, followed by
media exchange to remove Optifect and non-transfected AuNP gene therapeutics from
the growth media. GFP production in the media (secreted GFP) and in the cell (non-
secreting line) was tracked by total eGFP fluorescence using a NanoDrop3300
(ThermoScientific) with blue LED excitation (480 nm) and 509 nm emission for eGFP in
media prior to and following media exchange, while DsRed-express production is only
monitored after media exchange by optical microscopy.

Intracellular molecular beacon assay for nucleic acid release kinetics.

For live-cell imaging of intracellular release kinetics, a 15bp dsDNA (5’ —
AF488(C6) CGTGTGAATTCGTGC — 3’) and compliment (5’ — SH(C6)
GCACGAATTCACACG - 3) (Midland) was used to simulate and track siRNA release.
The terminal AF488 on the 15bp dsDNA should be 100% quenched when appended to
the AuNP surface according to SET theory [64, 169]. The linearized plasmid is labeled
with an AF594 dye appended to the ligated linker strand at the 15" base position, and
exhibits 100% quenching at this distance according to SET theory.

The nucleic acid — AUNP sample was tested with Optifect (no cells), Optifect
(CHO cells), and no Optifect to determine the intracellular release and diffusion of both
the short 15bp dsDNA and linearized plasmid appended to the AuNP surface through
the dye-labeled linker strand. Live-cell imaging was done on a Nikon TE2000
microscope with a Nikon C1Si spectral confocal detector outfitted with a transmitted
light detector. For AF488 tracking, widefield epifluorescence with a FITC filter cube
(excitation 475-490 nm) was employed and linearized plasmid release was monitored
using a TRITC filter cube (excitation 545-565 nm). Cell imaging for the 15-mer dsDNA
was performed at 1, 2, 4, 6, and 24 h post-transfection while the linearized plasmid cell
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imaging was performed at 1, 2, 4, 6, 12, 24 h post-transfection. Each sample (Optifect,
no Optifect, Optifect-no cells) was imaged for 15 mins and returned to the incubator until

measuring the next time point.

\\/ s

el Au
- 5.7nm

Figure 5.1: Dual labeled Au5.7 nm gene therapeutic scaffold with DsRed-express
linearized DNA (red) and siRNA for eGFP knockdown (green)

Ral

5.3 Results

Engineering the AuNP gene therapeutic.

The introduction of bimodal gene regulatory elements is accomplished through
the use of a 5.7nm AuNP co-labeled by a non-native gene for DsRed-express and short
interfering RNA (siRNA) for knockdown of eGFP in a stable transform Lec-1 cell line
(Figure 5.1). Co-labeling of a bSPP (bis(p-sulfonatophenyl)phenylphosphine)
passivated 5.7 nm Au (AuNP) is accomplished by initially ligand exchanging the bSPP
with the linearized gene (IDNA) for DsRed express with a 1.1:1 ratio of IDNA to AuNP
that results in approximately one gene per AUNP. The IDNA consists of the c-DNA and
the CMV promoter, as well as a short (20 bp) linker strand that has a 5" appended Ce-
thiol tail for coupling to the AuNP surface. The siRNA is then back-filled onto the AuNP
surface using a 50:1 siRNA to AuNP ratio to yield approximately a ~50:1 siRNA to IDNA
ratio on the AuNP gene therapeutic based on the initial stoichiometry. The remaining
sites have bSPP.
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Figure 5.2: 2% agarose gel with lane 1) Au 5.7nm, 2) siRNA AuNP, 3) IDNA / siRNA
AuNP, 4) blank, 5) IDNA / siRNA AuNP excess linker strand, and 6) blank.

Separation of the gene regulators assembled onto a 5.7 nm AuNP is shown in
Figure 5.2. The red bands arise from the presence of the 5.7 nm AuNP surface
Plasmon resonance, and not due to gel staining. In the 2% agarose gel, Lane 1 shows
the (bSPP) capped 5.7 nm AuNP, Lane 2 shows the Au-siRNA assembly, Lane 3 is the
IDNA / siRNA AuNP, and lane 5 is the Au-IDNA. It is clear by inspection of the gel that
appending both the IDNA and siRNA onto the AuNP results in the assembly being
retained in the well, while the siRNA labeled AuNP or free AuNP shows mobility towards
the cathode. In lane 5, the plasmid labeled AuNP is retained in the well, but
contributions from the bSPP Au is observed. No free bSPP Au is observed in Lane 2 or
Lane 3, consistent with efficient ligand exchange. The slight mobility difference for the
siRNA (single stranded, 33 bases) and the bSPP AuNP is not surprising, as the
hydrodynamic radius is larger and has more mass due to the siRNA loading level. The
lack of mobility of the IDNA / siRNA AuNP complex is not surprising due to the 1972 bp

sequence length dominating the particle mobility.
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Figure 5.3: Widefield epifluorescence images of Green (FITC filter), Red/Green/DIC, and Red
(TRITC filter) of Lec-1 cells transfected with Au5.7 nm at A) 36 h, B) 42 h, C) 60 h, and D) 168
h post-transfection.
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Cellular Uptake and Gene Regulation in Lec-1 Mammalian Cells.

The transient expression of eGFP and DsRed fluorescent protein levels were
monitored for 14 days using optical microscopy by splitting cells to 25% confluence
every 48 h. Figure 5.3 shows the time-course optical microscopy images comparing the
green channel (left side) and the red channel (right side) to the red/green/DIC (middle,
where DIC is differential image contrast) of Optifect mediated transfection of eGFP
producing Lec-1 cells by the IDNA / siRNA AuNP. Inspection of the green channel
reveals that at the 36 h time point the lowest number of green cells are observed.
eGFP intensity and thus protein levels in the cell do not show recovery untilt > 42 h in
the optical microscopy image. The reduction in green intensity (not to be confused with
green cells, as eGFP is retained and has a finite lifetime) implies efficient early
knockdown of eGFP expression in the IDNA / siRNA AuNP treated Lec-1 cells.
Complete recovery of the eGFP fluorescence signature is observed at168 h.

Inspection of the red channel (Figure 5.3) indicates few cells are expressing
DsRed express in the first 36 h (2.2% of cells in image). A very slow increases in the
DsRed intensity is observed in the optical images with 3.1% red fluorescent cells at 42 h
(Figure 5.3 B), 3.5% at 60 h (Figure 5.3 C), 3.2% at 168 h (Figure 5.3 D), and 3% at
240 h (not shown). The near asymptotic value for DsRed express protein levels in the
cell is indicative of daughter cell expression, as these cells are In log growth phase and
are cut to 25% of cell count every 48 h. Consistent with the DsRed express expression
in the Lec-1 cell line being a transient gene regulation, complete loss of observable red
fluorescent cells occurs in the experiment after 336 h (14 d).

Dual delivery on the nano-scaffolded gene regulator is confirmed by analyzing
the red and green cells that are overlaid in the DIC image. In the red /green /DIC
overlay (Figure 5.3 middle images), the red cells appear orange in the overlay image
indicating the red cells are also expressing eGFP fluorescence. Since the green
intensity is variable due to knockdown, the image color saturation depends on the
magnitude of eGFP or DsRed expression in the individual cells and the time slice.

To analyze the time-course of the gene regulation for eGFP knockdown, the
eGFP knockdown was also measured by total media fluorescence for eGFP secreting
Lec-1 cells, as shown in Figure 5.4. Itis important to note that the mutated Lec-1 cell
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Figure 5.4: Time-dependent knockdown of eGFP fluorescence in eGFP producing Lec-1
cells with siRNA / linearized plasmid labeled AuNP.

line used in this study is chosen intentionally since 50% of the cells are secreting eGFP
and 50% are non-secreting eGFP cell lines, thus allowing the optical images which can
be skewed by exposure times to be correlated to a direct fluorescence intensity
measurement. In Figure 5.4, the eGFP expression level relative to a control (non-
transfected Lec-1 with media exchanged at 0 h and again at 18 h) that Lec-1 cells
treated with IDNA / siRNA AuNP exhibit complete absence of eGFP fluorescence in the
media up to 18 h, implying 100% knockdown efficiency of eGFP production, as well as
100% transfection levels. The high percentage of knockdown is surprising as the
reported transfection efficiency for cationic liposomes is typically ~30-40% for
oligonucleotides. Following the second media exchange at 18h, the media eGFP
fluorescence begins to increase rapidly, indicating loss of knockdown activity, with
complete recovery to native eGFP expression levels after 42 h. The drop in intensity at
60 h reflects over growth of the cells and subsequent cellular death as observed in the
control sample.

The efficiency of transfection and thus the explanation for the observed high
degree of eGFP knockdown in the Lec-1 cells can be monitored by analyzing the time-
course optical microscopy images for the presence of the AUNP. The AuNP will appear
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Figure 5.5: A) Cropped image of DsRed-express produced in C) Lec-1 cell with white arrow
across the length of the cell to indicate the presence of dark spots (AuNP) shown in B) and D)
as Intensity versus distance trajectory plot showing positive intensity counts for DsRed and
eGFP and negative intensity for the AuNP.

as a dark spot in the image where the AuNP has aggregated within endosomes /
lysosomes. In Figure 5.5, the fluorescence intensity across a red (DsRed expressing)
and green (eGFP expressing) Lec-1 cell is shown along the trace line in the image
(white arrow). The intensity plot versus trajectory (Figure 5.5 B, D) shows a loss of
intensity at 30 and 70 um occurring at the dark spot on the right side of the upper cell in
the red channel (Figure 5.5 A).

Inspection of the green channel (Figure 5.5 B, D) confirms the intensity is a loss
in the vicinity of the dark spot, confirming the red channel results. We believe the dark
spots, which are observable in cells up to 60 h, arise from AuNP aggregation in the
vesicles of the cell, implying transfection has occurred. Inspection of a larger image
shows nearly all cells have a dark spot present in the cell implying efficient transfection
consistent with the observation of 100% knockdown of eGFP following transfection. The
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observation of a dark spot for a AuNP aggregate is not surprising since the AuNP
surface plasmon resonance spans the region of the TRITC (545 — 565 nm) excitation

source.

Limited DsRed Expression in Lec-1 cells.

The gene regulation by siRNA and LDNA occur on markedly different timescales
and levels. In the optical images in Figure 5.3, DsRed-express levels is low, ~3% over
all time points, but the duration of expression is remarkably long by comparison to the
shorter timescale for action of the siRNA on eGFP expression levels. The poor gene
regulation for IDNA versus siRNA may reflect a number of possibilities: (i) slow DsRed
maturation, (ii) poor release of IDNA from the AuNP surface, (iii) the inability of the DNA
to efficiently escape the endosome, (iv) lysosomal degradation of the IDNA, or (v)
exocytosis of the AUNP gene therapeutic prior to gene release. Although DsRed
express is slow to mature (reach maximum fluorescence intensity, tip0% = 33 h) [172,
173], the slow turn-on of the DsRed express is not explained by protein maturation, as
one would expect an exponential rise in DsRed intensity within 48 h if the mechanism
for siRNA action and DsRed action are on similar experimental timescales. While gene
transcription is slower than siRNA translation due to the physical location differences
and where the regulator operates o nthe protein expression pathway, although the long
timescales of the experiment >42 h, one predicts overlap of activity. A likely possibility
for the low DsRed expression levels is recycling / degradation and excoytosis of the
AuNP-IDNA package following release of the siRNA from the AuNP surface. However,
the observation of the AuNP visible in the cell 36 h after transfection (Figures 5.3, 5.5)
and up to 60 h implies exocytosis may not be a significant factor for the poor DsRed
express production.

An alternate explanation that may contribute to the different time scales for gene
regulation is the vast length scale differences between the gene therapeutics, or
perhaps the single versus double strand morphology differences, which will impact the
net charge between the IDNA and siRNA used in this study. Using a NSET molecular
beacon, the rate of release and subsequent endosomal escape of the gene regulator
can be tracked in real time by monitoring the appearance of AF594 for AF94 labeled
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plasmid or AF488 for AF488 labeled short duplex DNA by monitoring the molecular dye
fluorescence in live cell images. The NSET molecular beacon functions by proximity
energy transfer quenching of the IDNA appended AF594 (or AF488 for 15bp DNA)
through energy transfer to the AUNP. The AuNP is non-emissive, which allows the
onset of AF594 emission to signal the release of the IDNA from the AuNP surface.

Figure 5.6 shows the time-course optical microscopy experiment on CHO cells
for the 1972bp IDNA internally labeled at the 15™ base position by A594 (A-D) and the
15-mer terminally labeled at the 5’ end with AF 488 (E-H). Comparison of the 1972
base pair system to a shorter duplex (15-mer) allows the assessment of whether length
of the plasmid or type of nucleic acid is a contributing factor to the poor level of DsRed
express production. For the IDNA sequence, there is no visible dye emission at 1 h
(Figure 5.6 A), while at 4 h (Figure 5.6 B) dye emission appears localized in the
endosomes, indicating IDNA release from the AuNP surface. Diffuse emission from
AF594 is observed at 12 h and the 24 h images (Figure 5.6 D) show emission outside of
the endosome within the cytosol implying endosomal escape of the IDNA. However, the
magnitude of intensity compared to the endosome intensity is quite small suggesting
endosomal escape is inefficient for the IDNA sequence. Even at 24 h, the IDNA sample
shows larger vesicles formed and the AF594 is predominately localized in these
vesicles.

In Figure 5.6 (E-H) the 15 base pair duplex DNA labeled by a terminal AF488
shows very similar results; however, fluorescence is immediately observed within 1 h for
the AF488 with diffusion into the cyotosl observed within 2 h. The cytosolic : endosomal
fraction for the 15bp sequence rapidly increases during the experimental time course.

In contradiction to the IDNA results, the 24 h sample clearly shows most of the DNA
diffused into the cytosol. It is notable that the rate of release from the AuNP surface
and diffusion for the shorter DNA sequence appears to be significantly faster than the
IDNA sample. The efficient endosomal escape for the 15-mer duplex compared to the
IDNA may be the reason that DsRed production remains at merely 3% throughout the
experiment. No dye emission was noted for non-transfected Optifect samples
containing the identical AUNP- IDNA (AF594-labeled).
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Figure 5.6: CHO cells incubated with AuNP-IDNA with AF594 (A-D) and the AuNP-15-
mer with AF488 (E-H).
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Redistribution and Repackaging of Endosomal Packages.
Figure 5.7 displays the redistribution of endosomal packages of AF488 dsDNA in
a CHO cell during mitotic division. In this image the endosome packages show initial
AuNP release (fluorescence-on) at 1 h (Figure 5.7 A), visible diffusion by 4 h (Figure 5.7
), followed by mitosis and redistribution of the AF488 labeled 15bp-AF488 in the two
daughter cells within 6 h (Figure 5.7 C). The 12 h image (Figure 5.7 D) shows loss of
AF488 intensity in one daughter cell along with enhanced cytosol diffusion of the AF488

out of the endosome in the second daughter cell. The observation of endosomal
redistribution during mitosis explains the sustained DsRed production out to 10 day
post-transfection, even though the cells have been cut to 25% every 48h.

Figure 5.7: Widefield DIC — epifluorescence overlay (FITC) of CHO cell with Au-
DNA(AF488) showing the transport of endosomes of unbound dsDNA-AF488 (fluorescence
not quenched) during cell division at A) 1 h, B)4 h, C) 6 h, D) 12 h.

constant in this region due to the presence of the AUNP The observation of the
fluorescent pit implies that packaging of the IDNA may be occurring in the endosome (or
lysosome) and may be providing a pathway for exocytosis of the excess IDNA and
AuNP from the cell. Due to the log growth phase of the Lec-1 cells, it is difficult to follow
the fate of these packages after 48 h. Further investigations are underway to track the
fate of the package at longer experimental times. In the control sample, no pitting was
observed at any time point.
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5.4 Discussion

The observation of dual gene regulation involving knockdown and controlled
protein expression opens new frontiers for use of these nanometal gene therapeutics in
nano-medicine. In the study, the rate of gene regulation for the independent knockdown
(siRNA) and up-regulation (IDNA) is directly linked to the ability of the nucleic acid
sequences to escape the endosome. The molecular beacon results imply that
endosomal escape is the rate limiting step since many endosomes still contain AF594
fluorescence (linearized plasmid released from the AuNP surface) even after 12 h
(Figure 5.3). No significant differences in release from the AuNP surface for the short
and long DNA sequence is observed, with the endosomes revealing strong
fluorescence within the first 2 h for both DNA lengths. The limited response of the
linearized DNA appears to be traceable to the inability to diffuse from the endsome
before being packages in a lysosome. This supports the earlier suggestion that
endosmal rupture [32, 170] and not the release of the therapeutic from the AuNP
surface is critical for gene regulatory function. The slow endosomal escape and
observed cytosol diffusion for the IDNA relative to the siRNA is consistent with the
observation that diffusion scales linearly with DNA length, with a 65-fold linear decrease
in diffusion rate between 21-6000 bp strands [174].

The use of the cationic liposome (Optifect) transfecting agent improves the
number of transfected AuNP conjugates. A remarkable finding in this study is the high
transfection efficiencies and 100% knockdown of the eGFP signatures in the CHO cells.
The differences in knockdown efficiency in this study (50%) as compared to previous
eGFP silencing reports utilizing antisense DNA and AuNP [159] (20%) is likely due to
three factors: the total number of transfected nanoparticles with the cationic liposome
agent is greater (nearly all cells show the presence of AuNPs), siRNA is shown to have
longer duration and silencing efficiency when compared with antisense DNA [171], and
differences in cell types used in the two knockdown studies can affect both the
efficiency of transfection and gene regulatory function [175].

This non-viral gene-delivery strategy introduces a dual-labeled, nano-mediated

platform for simultaneous delivery of gene therapeutics for on a single nanomaterial
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surface. Further efforts include specific cell targeting, effect of varying nucleic acid
stoichiometries, and linearized plasmid delivery of disease-related proteins as potential
gene therapeutic candidates are underway.
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