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CHAPTER I

INTRODUCTION

Gold Nanoparticles in Biomedicine

Nanoscale gold possesses unique properties that are distinct from those of bulk gold. The
bright red color of gold nanoparticle solutions arises from the phenomenon of localized surface
plasmon resonance (LSPR).! LSPR occurs when free electrons on the nanoparticle surface
collectively oscillate at the frequency of incident light. This causes the nanoparticles to scatter
and absorb light, and generates strong electric fields on the particle surface. The position of the
LSPR peak is related to the size, shape, structure, and surface environment of the nanomaterial.
Gold nanoparticles can be synthesized in different sizes and shapes, which exhibit different
optical properties. Post-synthesis modification with biologically relevant molecules such as small
molecules, peptides, DNA, proteins, and polymers improves colloidal stability in biological
media. Surface modification also provides functionality for biomedical applications like sensing,
imaging, targeting, delivery, or diagnostics.' > Nanoscale gold has been used in biomedicine
mainly because of its low acute toxicity in vivo and unique optical properties conferred by
LSPR.'” Gold nanoparticles are strong fluorescence resonance energy transfer quenchers and
can be combined with fluorescent reporter molecules to detect biological targets by changes in
fluorescence intensity. LSPR makes gold nanoparticles useful for visualization of target
molecules by optical imaging, signal readout in diagnostic lateral flow and aggregation assays,
and enhancement of Raman scattering signal. Finally, gold nanoparticles can be used for drug

delivery or as therapeutic agents themselves (e.g. photothermal and photodynamic therapy).



DNA Functionalized Gold Nanoparticles

Functionalization of gold nanoparticles with short sequences of thiolated DNA results in
a material with its own distinctive properties. Since its introduction in 1996, DNA functionalized
gold nanoparticle (DNA-AuNP) chemistry has become a unique platform for nucleic acid
sensing strategies that range from diagnostic to therapeutic.*” “Nano-flares” were the first
intracellular nucleic acid sensing DNA-AuNPs.'” In this construct, a 13 nm gold nanoparticle is
conjugated to a DNA capture sequence that is designed to bind target mRNA. The flare, a short
fluorescently labeled DNA strand, is complementary to a portion of the capture sequence, and
the fluorescence is quenched by the gold surface. Hybridization of target mRNA to the capture
sequence releases the flare and mRNA expression is detected as an increase in fluorescence. In
this design, important spatial information is lost because the signal-generating strand is not
bound to the mRNA target.

The Wright laboratory has developed hairpin DNA functionalized gold nanoparticles
(hAuNPs) as intracellular mRNA sensors for live cell imaging.*”'" A 15 nm gold nanoparticle is
conjugated to i) a thymine spacer ligand and ii) a sensing DNA strand designed to assume a
hairpin or stem-loop configuration (Figure 1.1). Both types of DNA are attached to the gold
surface by a 5’ hexane thiol modification. The hairpin DNA sequence is designed to have a ten-
thymine spacer region, five base-pair stem formation sequence, recognition loop, and a 3’
cyanine dye (Cy5) modification. The recognition loop sequence is complementary to an mRNA
of interest. The self-complementary stem formation sequence forces the DNA to adopt a hairpin
configuration, which holds the dye proximal to the gold surface, quenching the fluorescent
signal. Upon hybridization of a complementary sequence to the recognition loop, the formation

of a more thermodynamically stable mRNA-recognition loop double helix causes the stem to
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Figure 1.1. hAuNP design. (A) hAuNP structure (B) hairpin DNA design.
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unwind and physically forces the fluorophore away from the gold surface. The presence of a
target mRNA is then detected as an increase in fluorescence (Figure 1.2). In this design, the
fluorescent reporter is hybridized to the mRNA target, meaning these probes can report on both
expression and the spatial localization of mRNA within the cell. hAuNPs are effective live cell
probes because they are efficiently internalized without transfection agents, are resistant to

nuclease degradation, and have low fluorescence background.*’
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Figure 1.2. hAuNP sensor function. Binding of a complementary nucleic acid moves the fluorophore
away from the gold surface, and an increase in fluorescence is used as the signal readout.



Cellular Uptake of Gold Nanoparticles
In order to design effective nanomaterials that are successful in in vivo applications, the
interactions between cells and gold nanoparticles must be understood at the in vitro level. A
number of nanoparticle properties influence cell entry, including size, shape, composition,
surface charge, aggregation state, and surface chemistry.'>"> Cellular uptake is also influenced
by biological variables, including cell type, cell age, surface proteins, culturing conditions, and

13 .
1> Nanomaterials are often transported across

the presence of a protein corona on the particle.
the membrane via multiple pathways, although one or more may be primary for a particular
nanoparticle system. Most nanomaterials are internalized by active uptake mechanisms,
including phagocytosis, pinocytosis, macropinocytosis, clathrin- and caveolae-mediated
endocytosis (receptor-mediated), and non-specific endocytosis.'>'>'> Of these, clathrin- and
caveolae-mediated endocytosis are the most commonly reported mechanisms of nanoparticle
uptake. During endocytosis, the cell encloses the nanoparticle into a plasma membrane derived
vesicle and transports the material into the intracellular space. Typically, the mechanism of
uptake is established using pharmacological compounds to systematically inhibit different target
pathways and identify conditions that reduce nanoparticle accumulation.

The physicochemical properties of nanomaterials — size, shape, surface charge, and
surface chemistry — are important determinants of cellular uptake kinetics and mechanism.'>'*!¢
Because this dissertation only encompasses spherical gold nanoparticles, the effects of shape will
not be discussed here. Nanoparticle surface chemistry is determined by the nature of the
stabilizing ligands, which can confer enhanced cellular uptake properties, as is the case for

nanoparticles modified with cell penetrating peptides or DNA.”'*"> There are conflicting reports

on the size and surface charge that result in the highest cellular accumulation. Different results



are likely the consequence of the interplay of additional variables like nanoparticle material or
chemistry of the surface ligands. As a result, it is difficult to choose one or two properties that
universally predict cellular uptake. Rather, predictive factors must be determined for each
nanoparticle system individually.

DNA-AuNPs are readily taken up by cells without requiring additional transfection

6,7,11,17,18
reagents.” 7

The dense 3D architecture of the DNA monolayer, rather than the nanoparticle
core material, is responsible for cell entry. Efficient internalization has been demonstrated for
gold nanoparticles, block copolymer nanoparticles, and even enzymes by coating these materials
with a dense layer of DNA.""*" Crosslinking the DNA strands of a DNA-AuNP before
dissolving the gold nanoparticle with KCN results in “hollow” DNA-AuNPs that retain the
ability to traverse the cell membrane, further supporting the importance of the 3D structure.' ™'
Mechanistic studies by the Mirkin laboratory indicate that endocytosis of DNA-AuNPs is
mediated by scavenger receptor proteins located on the cell membrane.'”** Sodium azide
treatment reduced nanoparticle association by about 55%, suggesting an energy-dependent
mechanism.'” Significant decreases in cellular uptake were achieved by pharmacological
inhibitors that deplete or sequester cholesterol and by silencing the expression of caveolin-1 and
a class A scavenger receptor (SR-A). Combined with immunofluorescence and TEM imaging
showing that DNA-AuNPs localized to lipid-raft microdomains, this suggested that lipid-
raft/caveolae-mediated endocytosis is a dominant mechanism. Expression of caveolin-1 and SR-
A by four cell lines was positively correlated to the degree of nanoparticle accumulation, further
confirming the importance of these proteins.'’ Additional investigations explored binding of

DNA-AuNPs to SR-A. A protein pull down assay revealed enrichment of lipid-raft proteins and

SR-A in the DNA-AuNP bound fraction, while a modified ELISA measured high affinity



binding between the SR-A and DNA-AuNPs. Treating cells with known SR ligands decreased
accumulation of nanoparticles due to competition for binding to the receptor.”” It was
hypothesized that SR proteins mediate DNA-AuNP uptake because the dense DNA monolayer
mimics the 3D structure of known SR ligands, such as poly I and poly G nucleic acids.

Mechanistic studies of hAuNP internalization from our laboratory suggested that cell
membrane fluidity could play an important role.® Pharmacological compounds were used to
inhibit different modes of endocytosis, and changes to hAuNP uptake were observed under three
conditions. Inhibition of caveolae-mediated endocytosis by cholesterol depletion increased
hAuNP uptake. Incubation of the cells at 4°C and addition of fetal bovine serum (FBS) to the
culture medium reduced uptake. Depletion of cellular energy by sodium azide and 2-deoxy-D-
glucose did not alter hAuNP internalization, suggesting that cell entry could occur through an
energy independent mechanism. In addition to inhibiting endocytic pathways, depletion of
cholesterol and incubation at 4°C both modulate membrane fluidity, leading to the conclusion
that hAuNP — lipid membrane interactions could be involved in intracellular accumulation.

Scope of Dissertation

Understanding cellular uptake allows for the development of more effective
nanomaterials that possess enhanced diagnostic and therapeutic performance. Furthermore, the
safe application of such materials in biomedicine necessitates a rigorous understanding of how
nanoparticles are transported into cells. The processes and variables that underlie cellular uptake
are complex and interrelated, and a comprehensive explanation is still lacking. This dissertation
explores the role of biological and physicochemical properties at the nano-bio interface to
advance our knowledge of the cellular uptake of DNA-AuNPs. Chapter II attempts to elucidate

the role of cell membrane lipids in the transport of hAuNPs into the cytoplasm, which has not



been previously explored. Giant unilamellar vesicles (GUVs) are chosen as a protein-free cell
model to study the passive transport of hAuNPs. The inclusion of FBS, a common cell culture
additive and known modulator of cellular uptake, causes the nanoparticles to concentrate in the
vesicle membrane. In contrast, cultured cell lines fully internalize the nanoparticles without
significant membrane adsorption. As a result, we conclude that while the existence of hAuNP-
lipid interactions cannot be ruled out, GUVs are not an appropriate model of cellular uptake.
Chapter III is based on the observation that gold nanoparticles conjugated to double stranded
DNA are less efficiently internalized than nanoparticles attached to hairpin or single stranded
DNA. This led to a systematic study of the physicochemical properties that influence the
accumulation of DNA-AuNPs in cultured cells. The hydrodynamic diameter is found to be the
most predictive property of how much nanomaterial a cell will accumulate. In comparison,
surface charge and density of the DNA ligands are minor contributors. These results outline
design considerations that will enhance cellular uptake and nanomaterial performance. Chapter
IV quantifies the cellular accumulation of hAuNPs by human, insect, and bacterial cells to
determine if differences in uptake are related to organism-specific membrane compositions.
Three human cell lines and a Drosophila melanogaster cell line exhibit robust internalization of
hAuNPs. This is hypothesized to be the result of scavenger receptor mediated endocytosis. In
contrast, Bacillus subtilis and Escherichia coli and their protoplasts (cell wall deficient bacteria)
accumulate lower amounts of nanoparticles. Addition of FBS alters the amount of bacteria- or
protoplast-associated nanoparticles. Further investigations with electron microscope imaging are
necessary to determine whether the nanoparticles are truly internalized or simply embedded in
the cell wall or membrane. Finally, Chapter V outlines the importance of studying the nano-bio

interface and offers future directions for studying the cellular uptake of hAuNPs.



CHAPTER II

GIANT UNILAMELLAR VESICLES AS MODEL SYSTEMS TO EXPLORE THE PASSIVE
TRANSPORT OF HAIRPIN DNA FUNCTIONALIZED GOLD NANOPARTICLES INTO

CELLS

Introduction

Nanomaterials are increasingly used for a number of environmental, biomedical, and
personal care applications and products.'’ The success of nanoparticles as biomedical
technologies often rests on the ability of these particles to enter the intracellular space or interact
with the external membrane, raising concerns about safety and potential toxic effects. Thus it is
important to understand the interaction between cells, as a fundamental biological unit, and
nanoparticles, in order to fully characterize the fate and downstream effects of the particles on a
biological system. This chapter aims to explore the cellular uptake mechanisms of hairpin DNA
functionalized gold nanoparticles (hAuNPs) using a simplified model membrane system.
Existing knowledge on DNA functionalized gold nanoparticles has focused on endocytic
mechanisms mediated by membrane proteins, without a complete exploration of the
contributions the phospholipid bilayer could be making towards nanoparticle internalization.'*
The major function of the cell membrane is to form a protective barrier that controls the

flow of molecules into and out of the intracellular space.'***

Extracellular substances are brought
into the cell through two broad mechanisms: endocytosis, an active transport mechanism

requiring energy expenditure, and passive diffusion, which is energy independent. Endocytosis is

an overarching term that encompasses several subcategories, including phagocytosis,



pinocytosis, macropinocytosis, caveolae-dependent endocytosis, and clathrin-mediated
endocytosis. Substances are transported from the exterior to the interior of the cell by enclosing
them in vesicles derived from the plasma membrane. This mechanism is thought to be the
primary pathway for nanomaterial uptake into the cell, and is typically explored by using
pharmacological inhibitors to reduce or eradicate a target endocytic pathway.

In contrast to endocytosis, passive transport involves the diffusion of molecules through
the lipids of the plasma membrane and is driven by concentration gradients.'’ Passive transport is
difficult to study in cells, because the dominant mechanism of endocytosis makes it problematic
to detect.”” Because passive diffusion cannot be completely isolated from endocytosis, simplified
membrane systems have been explored as models to understand the passive transport of

nanoparticles.** >’

Red blood cell models are useful, because these cells lack the ability to
perform endocytosis; however, the fixed membrane composition of red blood cells does not
allow for an exploration of membrane composition as a variable in nanoparticle internalization.
Giant unilamellar vesicles (GUVs) were chosen to model passive transport of
nanoparticles. A GUV consists of a single phospholipid bilayer that encloses an aqueous buffer
to form a sphere. The vesicles are similar in size to cells (tens of microns in diameter), can be
prepared from a well-defined lipid blend, and mimic compartmentalization, a basic function of

the plasma membrane.**’!

Because no proteins are incorporated into the lipid bilayer, passive
transport is the exclusive mode of translocation into GUVs. Other membrane systems —
supported bilayers and liposomes — were initially explored (Appendix A), but GUVs were

chosen for the ease of manipulating the lipid composition and the ability to visualize the vesicles

by confocal microscopy.



Previous work suggested that cellular uptake of hAuNPs may be influenced by membrane
fluidity. Jayagopal, et al. found that treating cells with nystatin/progesterone increased hAuNP
uptake, while preincubating at 4°C and including fetal bovine serum (FBS) in the cell medium
reduced hAuNP uptake.® Nystatin/progesterone and 4°C treatment both decrease endocytosis, by
inhibiting caveolar endocytosis through cholesterol depletion and inhibiting cellular metabolism,
respectively. These treatments also affect membrane fluidity, with pre-incubation at 4°C
reducing fluidity and nystatin/progesterone increasing it. These results led to an interest in the
role of cholesterol, temperature, and FBS in the passive transport of hAuNPs through a
phospholipid bilayer. Cholesterol is a bidirectional regulator of membrane fluidity, keeping the
membrane from becoming too stiff at cold temperatures, and keeping it ordered at high
temperatures.’> At a constant temperature, reducing the amount of cholesterol will make the
membrane more fluid. Low temperatures are expected to increase membrane rigidity, while high
temperatures should increase fluidity. The inclusion of FBS in cell culture medium is known to

decrease uptake for many different types of nanoparticles,*******

although it sometimes
increases uptake.>”° GUV:s can easily be manipulated with respect to each of these variables —
cholesterol content, temperature, FBS — to determine how nanoparticle transport across the
model membrane is impacted. To explore this, GUVs were prepared from a custom blend of
animal derived phospholipids intended to mimic the composition of an epithelial cell membrane.
GUVs made with a range of cholesterol concentrations were exposed to hAuNPs at varying
temperatures in the presence or absence of FBS. hAuNPs were found to strongly associate with
the GUV membrane when FBS was present as demonstrated by confocal microscopy and flow

cytometry. These results were compared to cellular uptake of hAuNPs by CaSki cells, a cervical

cancer cell line, to evaluate the utility of GUVs as a model of nanoparticle uptake.
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Materials and Methods

Materials

Citrate-stabilized gold nanoparticles (15 nm) were purchased from Ted Pella, Inc. All
DNA was purchased from Integrated DNA Technologies. Amicon Ultra 3K MWCO filters were
purchased from EMD Millipore. CaSki cells were purchased from ATCC. Egg
phosphatidylcholine (PC), egg phosphatidylethanolamine (PE), liver phosphatidylinositol (PI),
brain phosphatidylserine (PS), and egg sphingomyelin (SM) were purchased from Avanti Polar
Lipids, Inc. The 8 well pslides were purchased from ibidi USA, Inc. Fetal bovine serum (FBS)
was purchased from Atlanta Biologicals. DiOC;s(3), penicillin/streptomycin, trypsin, and trypan
blue were purchased from Thermo Fisher Scientific. HEPES was purchased from Research
Products International, Corp. Molecular biology grade water, Tris-EDTA buffer, RPMI 1640
with L-glutamine, sodium pyruvate, and phosphate buffered saline (PBS), were purchased from
Corning. All other chemicals and materials were purchased from Sigma-Aldrich or Fisher
Scientific.
Cell Culture

CaSki cells were grown at 37°C in a humidified atmosphere with 5% CO,. The culture
medium was RPMI 1640 with L-glutamine supplemented with 10% FBS, 100 units/mL
penicillin, 100 pg/mL streptomycin, 2.25 g/L D-glucose, 1 mM sodium pyruvate, and 10 mM
HEPES. Upon reaching 80-90% confluence, the cells were subcultured and medium was
replaced as needed.
DNA Preparation

All DNA was received as a lyophilized pellet. DNA containing a thiol modification was

dissolved in a solution of 0.1 M dithiothreitol (DTT) in 0.1 M dibasic sodium phosphate, pH 8.3.
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The DNA was vortexed to dissolve the pellet and reacted for 1 hour with rotation in the dark.
The sample was desalted and washed with Tris-EDTA buffer in Amicon Ultra 3K molecular
weight cutoff (MWCO) filters using the manufacturer’s directions. The DNA was resuspended in
Tris-EDTA buffer at an appropriate working concentration, which was determined by measuring
the Ayeo using a Take3 Microvolume Plate and Biotek Synergy H4 microplate reader.
Unmodified DNA sequences were reconstituted in Tris-EDTA buffer and the concentration
determined as for thiolated sequences. All DNA was stored at -80°C until use.
hAuNP Synthesis

Citrate-stabilized AuNPs (15 nm) were diluted to 1 nM in molecular biology grade water
and 1 mL of AuNPs containing 0.1% (v/v) Tween20 was dispensed into 1.5 mL centrifuge tubes.
The T-10 diluent oligonucleotide was added at a final concentration of 0.1 uM. The tubes were
incubated at room temperature overnight on a tube rotator and protected from light. Hairpin
DNA was added at a final concentration of 0.3 uM and the samples were incubated overnight as
before. The solutions were buffered to pH 7 with 100 mM phosphate buffer (10 mM final
concentration) and the nanoparticles were adjusted to 0.1 M NaCl, followed by a >4 hour
incubation. The nanoparticles were adjusted to 0.2 M NaCl, followed by a > 4 hour incubation.
Finally, the nanoparticles were adjusted to 0.3 M NaCl, followed by an overnight incubation.
The hAuNPs were centrifuged at 21,100 g for 20 minutes to form a loose pellet. After removal of
the supernatant, the pellet was resuspended in PBS. The process of centrifugation and
resuspension was repeated two times to obtain a final, concentrated pellet. Individual tubes of

hAuNPs were combined into a single batch of hAuNPs.
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hAuNP Characterization

The hAuNPs were characterized by fluorescence, dynamic light scattering, and
oligonucleotide loading. hAuNP fluorescence was measured before and after the addition of a
complementary oligonucleotide that binds to the loop region of the hDNA. The stock of
concentrated hAuNPs was diluted to 1 nM in PBS with 0.1% Tween20. The hAuNPs were
exposed to complementary and non-complementary DNA (3 uM) or no DNA for 1 hour at 37°C.
The fluorescence of each solution was measured in triplicate in a black 96 well plate using a
Biotek Synergy H4 microplate reader configured for Cy5 fluorescence (excitation: 650 nm;
emission: 670 nm). Dynamic light scattering was used to obtain the hAuNP hydrodynamic
diameter. A 1 nM solution of hAuNPs in PBS was filtered through a 0.22 um PVDF syringe
filter before analyzing with a Malvern ZetaSizer NanoZS. The zeta potential of the nanoparticles
was measured on the same instrument. A 1 nM solution of hAuNPs in 10 mM NaCl was filtered
through a 0.22 pm PVDF syringe filter before analyzing with a dip cell. To quantify the
fluorescent hDNA loading on the nanoparticles, a 1 nM solution of hAuNPs diluted in 0.1 M
DTT was reacted for 2 hours on a tube rotator. The samples were centrifuged at 21,100 g for 20
minutes and the supernatant was analyzed for Cy5 fluorescence in triplicate in a black 96 well
plate. The resulting measurement was compared against the fluorescence from a calibration
curve of free hDNA to find the concentration of fluorescent DNA in the hAuNP samples. The
DNA concentration was divided by the AuNP concentration to arrive at the average number of
hDNA ligands per nanoparticle. Reported values represent mean + SD from three batches with

three technical replicates each.
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Preparation of Giant Unilamellar Vesicles

GUVs were prepared by the gentle swelling method as described by S. Manley and V.
Gordon.”” The lipids PC, PE, PI, PS, SM, and cholesterol were mixed together in a 50 mL round
bottom flask in the desired ratios (Table 2.1). If needed, DiO dye (0.5 mg/mL = 0.5 mM stock
solution in DMF) was added at 0.1 mole%. The total amount of membrane components was 1
umole. Chloroform (300 pL) was added and the solution was thoroughly mixed. The chloroform
was removed with a rotary evaporator to form a thin lipid film, which was subjected to vacuum
for 2 hours to remove trace solvent. The film was pre-hydrated for 30 minutes with warm (42 —
45°C) water saturated nitrogen. The flask was gently filled with 2 mL of 100 mM sucrose in
PBS, sealed with parafilm, and incubated at 37°C for 24 — 48 hours. When the GUVs could be
visualized as a cloudy suspension, they were transferred to a microcentrifuge tube and stored at
4°C for up to one week. Each batch of GUVs was checked for successful vesicle formation using

confocal microscopy.

Mole % of Membrane

Lipid 0% Cholesterol 5% Cholesterol 10% Cholesterol 15% Cholesterol
PC 47 44.7 42.3 40
PE 17.6 16.7 15.8 15
Pl 10.6 10.1 9.5 9
PS 8 7.6 7.2 7
SM 16.5 15.7 14.9 14
Cholesterol 0 5 10 15

Table 2.1. GUV membrane compositions

Confocal Microscopy — GUVs
Samples were composed of GUVs (1:10 dilution of GUV suspension) and hAuNPs (10
nM) diluted in 200 mM glucose in PBS with and without FBS (10% v/v). Each sample was

mixed by inversion and incubated at 37, 25, or 4°C for 4 hours. Images were taken with a Zeiss
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LSM 510 Meta Confocal Microscope using a 63x plan-apochromat 1.4 oil DIC objective and a
1.6 um optical slice. Excitation of the DiO and Cy5 fluorophores was done with 488 nm and 633
nm lasers, respectively. Emission was collected with BP 505-550 and LP 650 filters. Optical
slices were taken through the entire volume of the vesicle.
Flow Cytometry — GUVs

Single color controls were prepared from unstained and DiO stained GUVs. hAuNP only
stained controls were prepared with unstained GUVs, supplemented with 10% FBS and
incubated at 4°C for 4 hours. Samples were prepared by diluting a DiO stained GUV suspension
1:5 in 200 mM glucose in PBS. The GUVs were incubated with 10 nM hAuNPs with and
without FBS (10% v/v) at 37, 25, or 4°C for 4 hours. The tubes were centrifuged at 1500 g for 10
minutes. The supernatant was removed and the GUVs were washed in 100 mM glucose in PBS
three times to remove excess hAuNPs. A BD LSRII flow cytometer with excitation at 488 nm
and 633 nm was used to collect 1,500 — 5,000 single GUV events from each sample. Using
microbeads (Spherotech Ultra Rainbow Calibration beads, 6 peaks) of known size (5 — 5.4 pm)
GUVs greater than 5 um in diameter were collected. FlowJo analysis software was used to
visualize the data. The unstained and DiO stained cells were used to set gates that identified the
double positive population (GUVs positive for DiO and hAuNP fluorescence). Reported values
represent mean + SD from two replicates.
Cellular Uptake

CaSki cells (1.5 x 10° cells per well) were seeded into a 12-well plate one day in
advance. Before adding nanoparticles, half of the wells were washed with PBS three times to
remove trace FBS. hAuNPs were added to the cells at 1 nM final concentration in 0.5 mL of

serum-free or serum-supplemented medium (10% v/v FBS). The cells were incubated at 37°C or
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4°C for 4 hours. The hAuNP-containing media was removed. The cells were washed three times
with PBS, trypsinized, and collected for flow cytometry or ICP-MS.
Flow Cytometry — CaSki Cells

A BD LSRII flow cytometer with excitation at 633 nm was used to collect 10,000 single
cell events from each sample. Serum-supplemented and serum-free cells that were not exposed to
hAuNPs were analyzed as a negative control. FlowJo analysis software was used to visualize the
data. Reported values represent mean + SD from three biological replicates.
ICP-MS — CaSki Cells

The cells were stained with trypan blue and counted on a Countess II automated cell
counter. The samples were centrifuged at 500 g for 5 minutes to form a pellet, which was stored
at -40°C until analysis, at which time the samples were digested overnight in 800 uL aqua regia
(3:1 HC1 : HNOs). (Warning: Aqua regia is extremely corrosive, handle with caution). The next
day, deionized H,O was added to each tube to achieve a volume of 6 mL. The '*’Au content of
the samples was measured on a Thermo Element 2 high resolution inductively coupled plasma
mass spectrometer (ICP-MS) equipped with an electrospray ionization (ESI) auto sampler at
medium resolution (R = 4300). Samples were uptaken by self-aspiration via a 0.50 mm ID
sample probe and capillary to the spray chamber. The number of AuNPs per cell was calculated
from the gold concentration and the number of cells counted, as described in Appendix E.
Reported values represent mean + SD from three biological replicates.
Confocal Microscopy of CaSki Cells

CaSki cells (5 x 10" cells/mL) were seeded into an 8-well pslide two days in advance.
Before adding nanoparticles, half of the wells were washed with PBS three times to remove

traces of FBS. hAuNPs were added to the cells at 1 nM final concentration in 200 pL of serum-
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free or serum-supplemented (10% v/v FBS) medium. The cells were incubated at 37°C or 4°C
for 4 hours. A working stock of DiO (10 nM) was prepared in serum-supplemented medium. The
hAuNPs were removed and the cells washed three times with PBS, before being stained with
DiO for 10 minutes at room temperature, protected from light. Excess stain was removed and the
cells were washed three times with phenol-red free medium for one-minute intervals. A final
volume of 100 pL of phenol-red free medium was added for imaging. Images were taken with a
Zeiss LSM 510 Meta Confocal Microscope using a 63x plan-apochromat 1.4 oil DIC objective
and a 1.4 pm optical slice. Excitation of the DiO and Cy5 fluorophores was done with 488 nm
and 633 nm lasers, respectively. Emission was collected with BP 505-550 and LP 650 filters.
Results and Discussion

hAuNP Characterization

hAuNPs were synthesized using the hairpin DNA (hDNA) sequence given in Table 2.2.
The recognition loop sequence was chosen to be non-targeting so as to focus only on cellular
uptake. hAuNPs were characterized by fluorescence spectrophotometry, dynamic light scattering
(DLS), zeta potential, and amount of hDNA per nanoparticle (Figure 2.1). Complementary and
non-complementary DNA sequences were added to hAuNPs to demonstrate hDNA function. An
increase in fluorescence only occurs with the addition of complementary DNA. Adding non-
complementary DNA results in the same amount of fluorescence as untreated hAuNPs. The
hydrodynamic diameter of the hAuNPs is 29.2 + 0.5 nm, an increase of 10.8 nm compared to
citrate-capped AuNPs. The increase in size arises from the conjugation of DNA to the gold
surface. These nanoparticles have a negative zeta potential, as expected due to the negatively
charged phosphate backbone of DNA. Each nanoparticle has an average of 76 + 7 strands of

hDNA attached to the surface, which was measured by using DTT to release the DNA ligands.
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Sequence (5’ -3’)
hDNA TTTTTTTTTTCGACGGTTTCTCTACGTGTTCTTGCGTCG
Complementary DNA  TTCAAGAACACGTAGAGAAACTT

Table 2.2. hDNA and complementary DNA sequences. Underline indicates stem formation sequence.
Bold indicates recognition loop.
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Figure 2.1. hAuNP Characterization. (A) The fluorescence of hAuNPs treated with complementary
(comp) and non-complementary (non-comp) DNA demonstrated that the hairpin functions as expected.
Complementary DNA caused an increase in fluorescence due to opening of the hairpin, but nonspecific

DNA did not. (B) Conjugating DNA to create hAuNPs causes an increase in the hydrodynamic diameter
of the gold nanoparticle. (C) The negative zeta potential of hAuNPs results from the negatively charged
phosphate backbone of DNA.

hAuNP Interaction with GUVs
GUVs are useful models of cell membranes because they are cell-sized (10 — 30 pm in

diameter), easily prepared from custom lipid blends, and can be visualized using confocal
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microscopy. A blend of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM), and cholesterol was
chosen to mimic the major lipid populations and composition found in an epithelial cell

membrane (Figure 2.2A).%%

The initial composition (15% cholesterol) was then adjusted to
create GUVs where the cholesterol content was decreased, while keeping the other lipids in the
same ratios to one another (Table 2.1). The vesicles were prepared via the gentle hydration
method, and visualized by confocal microscopy using a green fluorescent lipophilic dye (Figure
2.2B). Typical preparations consisted of GUVs with a range of sizes, with some vesicles

appearing unilamellar and others appearing multilamellar. For clarity, unilamellar vesicles were

chosen for all imaging experiments.
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Figure 2.2. GUV lipid composition and visualization. (A) Structures of the lipids that comprise the GUV
membrane. (B) The XY, XZ, and YZ images of a GUV. GUVs are spherical with uniform fluorescent
staining throughout the membrane and an unstained lumen filled with aqueous medium.

To evaluate whether hAuNPs passively diffuse through the phospholipid bilayer, GUVs

were treated with 10 nM hAuNPs for 4 hours at varying temperatures in the presence and
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absence of FBS (10% v/v). Confocal microscope imaging reveals that in the presence of FBS,
hAuNPs localize and concentrate in the membrane of the GUV, as demonstrated by the
overlapping hAuNP fluorescence (red) and the DiO membrane fluorescence (green) (Figure 2.3,
Supplemental Figure D.1, Appendix D). Without FBS, hAuNP fluorescence is only observed

outside the vesicle, and hAuNP fluorescence is not detectable inside the vesicle lumen under any

A B

Figure 2.3. Representative images of 15% cholesterol GUV's exposed to hAuNPs in (A) 10% FBS and
(B) 0% FBS. hAuNPs only associate with the GUV membrane when FBS is added. Green: DiO
(membrane dye). Red: hAuNP

condition. All cholesterol concentrations and temperatures gave similar results (Supplemental
Figures D.2 — D.5, Appendix D). FBS facilitates the association and concentration of hAuNPs
within the phospholipid bilayer, but complete uptake into the vesicle is not observed in this
particular model. It is possible that hAuNPs are diffusing across the membrane, but are present in
the lumen in such a low concentration that the fluorescence is below the detection limit of the
instrument. Another explanation is that hAuNPs do not diffuse through pure lipid bilayers, and

membrane proteins drive the cellular uptake of nanoparticles. Several other reports exploring the
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passive uptake of nanoparticles have shown that particles concentrate in the lipid bilayer, but do
not pass through the membrane. Silica coated nanoparticles were found to adsorb or accumulate
at phospholipid bilayers using GUVs and water-in-oil droplets.””*° GUVs were also used to
demonstrate that polymer and gold nanoparticles accumulate in a densely packed layer at the
vesicle membrane, although in each of these cases, the nanoparticle layer was heterogeneous and

appeared aggregated, which was not observed with hAuNPs.”**’

Wang, et al. showed that
quantum dots become trapped in the membrane of red blood cells, without much
internalization.”® Although there was no FBS added to these systems, it is interesting that the
nanoparticles adsorb to the membrane, but are not transported beyond the bilayer. For hAuNPs,
it is possible that FBS is a mediator in this interaction, allowing more nanoparticles to adhere to
the membrane. These data suggest that nanoparticles can strongly adsorb to the lipid membrane,
but cannot complete the process of uptake without membrane proteins.

The hAuNP-GUYV interaction was further explored by using flow cytometry to quantitate
nanoparticle association with the membrane. Flow cytometry allows for analysis of thousands of
vesicles from a sample, whereas confocal microscopy is limited in the number of images that can
be collected per sample without requiring a significant amount of time. Calibration beads (5 pm)
were used to set a FSC gate to collect GUVs larger than 5 um. Events that were larger than 5 pm
and double positive for DiO and Cy5 fluorescence (Q2 in Figure 2.4) were considered “hAuNP
positive GUVs.” GUVs were treated with hAuNPs as before, but several centrifugation steps
were included to remove excess nanoparticles. Centrifugation and washing steps were necessary
to reduce the coincident events that occurred during flow cytometry analysis due to the high

concentration of nanoparticles in the samples. With no washing, 85% of the GUVs are classified

as hAuNP positive in conditions (0% FBS) that do not result in detectable membrane association
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by confocal microscopy (Figure 2.4A). After washing, the majority of GUVs are hAuNP

negative, which is more consistent with the imaging results (Figure 2.4C). This additional step

does not affect the vesicle morphology or alter the hAuNP behavior with respect to the GUV

membrane, as demonstrated by confocal microscopy (Figure 2.5). Under conditions where no

nanoparticle association with the membrane was expected, adding centrifugation steps does not

cause hAuNPs to become membrane-associated. FBS does not alter the scattering properties or

fluorescence of DiO labeled GUVs (Supplemental Figure D.6, Appendix D).
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Figure 2.4. Flow cytometry dot plots of hAuNP fluorescence vs. DiO fluorescence for unwashed and
washed GUVs. Unwashed GUVs were treated with hAuNPs at 4°C in (A) 0% FBS and (B) 10% FBS.
Washed GUVs were treated with hAuNPs at 4°C in (C) 0% FBS and (D) 10% FBS. The centrifugation
and washing steps are necessary to remove excess hAuNPs that cause coincident events that make the
GUVs appear hAuNP positive. Q2 events are doubly positive for hAuNP and DiO fluorescence.

22



Figure 2.5. Effect of centrifugation on GUVs (15% cholesterol) exposed to hAuNPs at 4°C without FBS.
After three centrifugation and washing steps, no significant changes in morphology occur. There is no
detectable hAuNP fluorescence in the membrane, as is expected for these conditions. Therefore, it was

concluded that centrifugation did not significantly alter how hAuNPs interact with the GUV membrane.

Figure 2.6 shows representative dot plots for 5% cholesterol GUVs treated with
nanoparticles in 0% and 10% FBS. Each dot plot was divided into quadrants based on an
unstained GUV sample in order to distinguish between singly and doubly positive GUV
populations. The percentage of hAuNP positive GUVs was obtained from the Q2 gate and
plotted against cholesterol content to determine how cholesterol, temperature, and FBS affect
hAuNP association with the vesicle membrane (Figure 2.7). Varying the cholesterol
concentration from 0 — 15 mol% does not impact the percentage of hAuNP positive GUVs,
regardless of FBS content. Without FBS, the amount of hAuNP positive GUVs remains
approximately the same over all temperatures. Adding FBS increases the amount of nanoparticle
association with vesicle membranes, consistent with the confocal microscopy data. Flow
cytometry provides an additional level of information by revealing that decreasing the
temperature from 37°C to 4°C increases the number of GUVs that exhibit nanoparticle
fluorescence. FBS demonstrates that temperature and the inclusion of FBS have the greatest

influence on hAuNP association to the phospholipid bilayer, but the data are not consistent with
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Figure 2.6. Flow cytometry results for 5% cholesterol GUVs after treatment at (A — B) 37°C (C — D)
25°C and (E — F) 4°C. (A, C, E) In the presence of 10% FBS, up to 40% of GUVs are hAuNP positive
and the hAuNP fluorescence intensity shifts to higher values. (B, D, F) When no FBS is added, 10 — 15%
of GUVs are hAuNP positive.
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hypotheses based on in vitro cellular uptake data. It was expected that i) low temperatures would
increase membrane stiffness, thus decreasing hAuNP uptake and ii) adding FBS would decrease
uptake. In order to fully understand these results in the context of cellular uptake, the above

experiments were recapitulated in a cervical cancer cell line.
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Figure 2.7. The percentage of hAuNP positive GUVs plotted as a function of cholesterol content (mol%)
and temperature for (A) a 10% FBS matrix and (B) a 0% FBS matrix.

Comparing GUVs to a Human Cell Line

CaSki cells, a human cervical cancer cell line, were exposed to hAuNPs for 4 hours at
37°C and 4°C in 0% and 10% FBS supplemented cell medium. The cell membrane was labeled
with DiO and the cells were imaged using confocal microscopy (Figure 2.8). There is no overlap
between DiO fluorescence and hAuNP fluorescence, and nanoparticle fluorescence is only
observed within the boundaries of the membrane dye. This indicates that hAuNPs are fully
internalized without concentrating in the cell membrane, unlike hAuNP-treated GUVs.
Temperature significantly affects nanoparticle uptake in cells. At 4°C, nanoparticle fluorescence
is not detectable, but FBS does not cause a discernable change to hAuNP fluorescence. These
results suggest that GUVs are not a good model for cellular uptake studies, because hAuNPs do

not accumulate in the cell membrane and are not significantly internalized at low temperatures.
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Cellular internalization of hAuNPs was also characterized by flow cytometry and ICP-
MS to measure hAuNP fluorescence and cellular gold content, respectively (Figure 2.9).
Consistent with the confocal microscopy images in Figure 2.8, cells treated at 37°C exhibit
higher fluorescence than cells treated at 4°C, but no difference is found between cells in 0% or

10% FBS supplemented medium. The mean fluorescence values are given in Supplemental

A B
e B e L il

Figure 2.8. hAuNPs do not localize to the cell membrane, but are found in the cytoplasm, within the
confines of the plasma membrane. At 37°C, hAuNP fluorescence is detected intracellularly in both (A)
10% FBS and (B) 0% FBS supplemented medium. At 4°C, hAuNP fluorescence for cells in (C) 10% FBS
and (D) 0% FBS supplemented medium is not detectable.
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Figure D.7, Appendix D. Here, fluorescence is a proxy for nanoparticle uptake, indicating that
cells internalize greater amounts of hAuNPs at 37°C than at 4°C. ICP-MS analysis confirms this
conclusion and reveals that including FBS reduces the amount of internalized gold nanoparticles.
It is unclear why the cellular gold content differs significantly based on the inclusion of FBS, but
mean cell fluorescence does not. The fluorescence of hAuNPs in PBS exhibits some temperature
dependence, but this does not completely explain the reduction in mean cell fluorescence
(Supplemental Figure D.8, Appendix D). At 4°C in PBS, a 34.6% reduction in fluorescence is
observed, whereas in cells at 4°C, a 93% reduction in mean cell fluorescence is measured. It is
possible that a portion of the cell fluorescence at 37°C arises from enzymatic degradation of the

DNA by nucleases, but further experiments would be required to confirm this hypothesis.

1 Unstained o 61 - o
1 ‘ L AUNP —— 10% FBS B 0% FBS
3007 , PAuNP  37°C ——— 0%FBS B 10% FBS

4°C ‘
!

AuNPs (x104) per cell

3 4 5 37°C 4°C
Temperature
hAuNP Fluorescence

Intensity (RFU)

Figure 2.9. CaSki cell uptake of hAuNPs measured by flow cytometry and ICP-MS. (A) Flow cytometry
reveals that cells treated with hAuNPs at 37°C have increased fluorescence over cells treated at 4°C. FBS
does not affect the fluorescence. (B) ICP-MS demonstrates that the gold content of the cells depends on
temperature and also on FBS, with cells internalizing greater amounts of nanoparticles in culture medium
not supplemented with FBS.

Literature reports agree with these data and have also demonstrated that low temperatures
reduce the cellular uptake of nanoparticles. Decreased nanoparticle accumulation was typically

attributed to the down-regulation of energy dependent processes, including endocytosis, in
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reaction to the cold temperature.>**** Also consistent with the literature, FBS supplemented
medium has a clear effect on gold nanoparticle content, suppressing cellular uptake by about
5,000 nanoparticles per cell (Figure 2.9B). In cell culture medium containing FBS, decreased
nanoparticle uptake has been attributed to the formation of a protein corona, which alters the
nanoparticle-membrane interaction,****>*

The cell-based data suggests that GUVs are not an appropriate model of cellular uptake
for these nanoparticles. hAuNP association with the GUV membrane is highest for low
temperatures (4°C) and matrices containing 10% FBS, whereas cells have decreased uptake of
nanoparticles under these conditions. Additionally, in order to detect fluorescent signal, GUV's
require a hAuNP concentration ten times higher than that normally used in cells. Under typical
conditions (37°C, 10% FBS), cells are highly fluorescent when 1 nM hAuNPs are introduced
into the culture medium (Figure 2.9A), but hAuNP fluorescence is not detectable in GUVs until

hAuNP concentrations of at least 5 nM are used (Figure 2.10). Additionally, in cells the entire

population experiences a fluorescence shift, indicating that complete transfection occurs;
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Figure 2.10. Detection of hAuNP positive GUVs is dependent on hAuNP concentration. (A) At 1 nM
hAuNPs, no GUVs are positive for hAuNPs. Increasing amounts of hAuNP positive GUVs are present
when vesicles are treated with (B) 5 nM and (C) 10 nM hAuNPs.
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however, only ~40% of GUVs are hAuNP positive under the conditions explored here, and no
evidence of transport into the GUV lumen could be obtained. The observation that cells are able
to completely internalize large amounts of hAuNPs at low concentrations suggests that an active
uptake mechanism is the dominant mode of transport into the cell. Although GUVs have been
reported as useful models of the phospholipid bilayer, they do not recapitulate enough of the
relevant characteristics of hAuNP cellular uptake to be useful in this context.
Conclusion

Although GUVs may provide a few hints about the role of the phospholipid bilayer in the
cellular uptake of nanoparticles, they are not a good representation of the true interaction with
the plasma membrane. Even at high concentrations, hAuNPs are never visualized inside the
vesicle lumen, as would be expected if the nanoparticles could passively diffuse through a
phospholipid membrane. Although the hAuNPs could be present inside the GUVs at
concentrations below the detection limit of the microscope, this result remains in conflict with
cell-based results. Cells do have detectable hAuNP fluorescence in the cytoplasm within a few
hours of introducing hAuNPs at a 1 nM concentration in the cell medium. Additionally, FBS
causes nanoparticles to localize and concentrate in the GUV membrane, a phenomenon that is
not consistent with cell lines, which fully internalize the nanoparticles. hAuNP association with
the GUV membrane increases at low temperatures and in 10% FBS, but cells have low uptake
under those conditions. These results support the hypothesis that surface proteins are facilitating
cellular uptake via endocytosis. An active mode of transport would account for the high
accumulation of nanoparticles inside the cell when low concentrations of hAuNPs are introduced
into the cell culture medium. In summary, although hAuNPs clearly interact with a pure

phospholipid bilayer in the presence of FBS, the results do not support passive transport of the
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nanoparticles through the bilayer. The GUV model membrane system does not accurately
recapitulate the necessary characteristics of the cell membrane-nanoparticle interaction, leading
to the conclusion that endocytic mechanisms are probably the dominant pathway for uptake.
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CHAPTER III

SIZE-DEPENDENT CELLULAR UPTAKE OF DNA FUNCTIONALIZED GOLD

NANOPARTICLES

Introduction
Gold nanoparticles (AuNPs) have become increasingly popular in diagnostic and
therapeutic applications due to the biocompatibility, unique optical properties, small size, and
ease of molecular functionalization of nanostructured gold.'*>* Such biomedical applications
require the introduction of AuNPs to biological fluids and tissues, and frequently depend on the
internalization of these nanoparticles by mammalian cells. Optical imaging of overexpressed
cancer-associated mRNA in live, intact cells has been accomplished with AuNPs conjugated to

6,19,47,48

fluorescent DNA that is complementary to the target mRNA sequence. These molecular

probes are internalized by cells with high efficiency and do not require external transfection
agents. Fundamental investigations into the cellular uptake of these DNA functionalized AuNPs
(DNA-AuNPs) inform our understanding of their biological fate and assists in the ultimate
design and implementation of such functional AuNP systems for the molecular characterization
of diseased tissues.

The extent and efficiency of cellular uptake is dependent in part on the physicochemical

13,14,49 .

characteristics of the nanoparticle system, including particle size,'****°

44,51,52

shape, surface

53-55

charge, and surface chemistry.>**® % Significant interplay between these factors is frequently

observed, making identification of the effect of individual components complex.'>>>%%4

Typically cells internalize positively charged nanoparticles in higher amounts than neutral or
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negatively charged particles. However, DNA-AuNPs composed of highly dense, negatively
charged DNA oligonucleotide strands have been shown to successfully enter cells in significant
amounts such that intracellular mRNA imaging and delivery of therapeutic nucleic acids is
achieved.”"”*"***" No consensus has been reached on how particle size affects the cellular
accumulation of functionalized AuNPs. For example, Cho et al. observed maximum cellular
uptake for small AuNPs (< 30 nm), while Chithrani and Chan found maximum uptake for larger
AuNPs (50-70 nm).**** These discrepancies are likely due to a complex relationship between the
size, surface charge, and ligand chemistry of the individual functionalized AuNP systems.
Although the surface functionality and chemistry of DNA-AuNPs has been explored,”***% a
systematic investigation into the influence of nucleic acid conformation, particle size, and
surface charge on cellular uptake has not been reported.

This chapter aims to understand which physicochemical properties affect the cellular
accumulation of DNA-AuNPs. AuNPs are conjugated to hairpin DNA (hDNA) to form hAuNPs,
single stranded DNA (ssDNA) to form ssAuNPs, and double stranded DNA (dsDNA) to form
dsAuNPs (Figure 3.1). Inductively coupled plasma mass spectrometry (ICP-MS), flow
cytometry, and confocal microscopy demonstrate that CaSki cells, a human cervical cancer cell
line, accumulate these particles in different quantities. The results indicate that the greatest
predictor of cellular accumulation is DNA-AuNP size. This chapter establishes that cellular
internalization can be modulated through adjustment of nanoparticle size, which will allow for
the design of DNA-AuNP diagnostic and therapeutic systems with optimal transfection

efficiency and enhanced intracellular imaging or DNA delivery properties.
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Figure 3.1. Representation of the DNA ligands and the DNA-AuNPs used in these experiments: (A)
hDNA and hAuNPs, (B) ssDNA and ssAuNPs, and (C) dsDNA and dsAuNPs.

Materials and Methods

Cell Culture

CaSki cells (ATCC) were grown at 37°C in a humidified atmosphere with 5% CO,. The
cell culture medium was RPMI 1640 (with L-glutamine) supplemented with 10% fetal bovine
serum (FBS), penicillin (100 units mL™), streptomycin (100 pg mL™), D-glucose (2.25 g L™),
sodium pyruvate (1 mM), and HEPES (10 mM). Cells were subcultured upon reaching
approximately 80% confluence and media was replaced as needed.
Preparation of DNA Oligonucleotides

Lyophilized thiolated DNA sequences (Integrated DNA Technologies) were reconstituted
in dithiothreitol (0.1 M; DTT) in dibasic phosphate solution (0.1 M; pH 8.3) to reduce disulfide
bonds. Following a one-hour incubation, the DNA was desalted and washed twice with Tris-
EDTA (TE) buffer using the manufacturer’s protocol for Amicon Ultra 3K MWCO Filters
(EMD Millipore). The DNA was resuspended in TE buffer and the concentration was determined
by UV absorbance at 260 nm using a BioTek Take3 Micro-Volume Plate and a BioTek Synergy

H4 Hybrid microplate reader. All non-thiolated DNA sequences were resuspended in TE buffer
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and the concentration was determined by UV absorbance. All sequences were adjusted to an
appropriate working concentration using TE Buffer and stored at -80°C until use.
DNA-AuNP Synthesis

10, 15, 20, 40, and 50 nm AuNPs (Ted Pella) wer