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Abstract

Nanoplasmonics-enabled On-Demand and Systematic Gene Regulation

by
Eunice Somin Lee

Joint Doctor of Philosophy
with University of California, San Francisco

University of California, Berkeley

Professor Luke P. Lee, Chair

In this dissertation, nanoplasmonic optical antennae are utilized as “nanoplasmonic
gene switches” for on-demand and systematic gene regulation in living systems. The
plasmon resonance of nanoplasmonic gene switches is specifically tuned to the near-
infrared spectral region where cells and tissues are essentially transparent. Due to their
extraordinarily large surface-to-volume ratio, nanoplasmonic gene switches are ideal
carriers of interfering oligonucleotides, such as antisense DNA and short interfering
RNA oligonucleotides (siRNA). Interfering oligonucleotides enable direct, sequence-
specific silencing of genes, but alone, lack the temporal control necessary for precise
spatiotemporal manipulation. While interfering oligonucleotides are attached to
nanoplasmonic gene switches, oligonucleotide functionality is inactivated. Using light
illumination as a remote trigger to release free oligonucleotides and “activate” their
functionality, genes can be silenced on-demand. In addition to inhibitory effects, genes
are also expressed on-demand. A transcriptional pulse of target gene expression is
generated using nanoplasmonic gene switches of different aspect ratios to selectively
and temporally manipulate the activities of repressors and activators upstream from the
target gene. In this way, the magnitude and timing of genetic activities can be
systematically varied on-demand. Equipped with new nanoplasmonic tools to directly
probe the intracellular space, quantitative approaches should capture many dynamic
activities within the living cell that were otherwise previously impossible to detect using
conventional methods.
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CHAPTER 1:
INTRODUCTION

A single living cell is an amazingly dynamic system that is capable of constantly
sensing and responding to its perpetually changing environment. As such, it is an
integrated system consisting of extracellular input signals streaming in from the local
external environment, interlinked signaling cascades of internal connections, and gene
transcriptional networks that respond by producing the appropriate proteins to give rise
to cell function (Fig. 1.1). Quantitatively understanding the inner workings of these
systems is the quest set forth by quantitative cell biology and systems biology. By
systematically perturbing with extracellular stimuli, specific internal connections can be
mapped and the resulting cell function can be observed in response to the single
environmental change. Spatial, temporal, and systematic variation of extracellular
stimuli has been shown to be absolutely critical for developmental processes (1), growth
(2), differentiation (3), apoptosis, and stem cell fate decisions (4).

In addition to extracellular control of environmental stimuli, intracellular control of
the actual internal connections themselves can provide unparalleled insight into the
inner workings of these systems. When a cell is treated as input-output “black box,”
ideally, the output response is directly correlated to the input signal. However, signal
distortions - time delays, noise, and signal magnitude reductions - can confound this
input-output relationship. Time delays, due to inherent time-dependent interactions,
transcriptional rates, and translational rates, are associated with each interconnected
step inside the “black box.” Noise, from stochastic fluctuations in proteins, is introduced
at each stage inside the “black box.” Signal magnitude reductions, due to degradation,
dilution and diffusion effects, are also inevitable. These signal distortions can have
significant implications on the output response. Consider a simple transcriptional
network, where gene X regulates gene Y, and gene Y in turn regulates the output. In the
presence of its input signal, X becomes active. Threshold effects are known to govern
many gene regulatory processes (5). Thus, when the concentration of X is greater than
the threshold concentration required for activating Y, then Y is produced. Subsequently,
when the concentration of Y is greater than the threshold concentration required for
activating the output, then the output is produced. Now, suppose that the input signal is
externally introduced (Fig. 1.1a). As this extracellular input signal traverses through
each step of the extracellular-to-intracellular cascade, signal distortions are introduced.
If the signal is significantly confounded by noise or if the signal magnitude is significantly
reduced such that the activity of Y no longer satisfies the threshold condition (Fig. 1.1b),
the output is not produced (Fig. 1.1c). This result can give the misleading impression
that no relationship exists between the input signal and Y, when in fact they are related.
Internal connections can be incorrectly mapped. Suppose now that Y is directly
controlled at the intracellular level (Fig. 1.1d). Steps in the extracellular-to-intracellular
cascade are essentially bypassed, thereby minimizing signal distortions. As a result, the
output is reliably produced (Fig. 1.1e). Internal connections can be correctly mapped.
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Figure 1.1. Concept of nanoplasmonics-enabled on-demand and systematic intracellular gene
regulation. (a) Extracellular Control. Extracellular input signals, such as chemical stimuli or nutrients,
are externally introduced. As this extracellular input signal traverses through each step of the
extracellular-to-intracellular cascade, signal distortions are introduced. (b) The activity of Y does not
satisfy the threshold condition due to signal distortions. (¢) The output is not produced. This result gives
the misleading impression that no relationship exists between the input signal and Y, when in fact they
are related. Internal connections are incorrectly mapped. (d) Intracellular Control. Nanoplasmonic
optical antennae are used as carriers of oligonucleotide cargo. Using light illumination as a remote trigger
to release free oligonucleotides and “activate” their functionality, Y is directly controlled at the intracellular
level. Signal distortions are minimized since steps in the extracellular-to-intracellular cascade are

essentially bypassed. As a result, the output is reliably produced and internal connections are correctly
mapped.

By delving directly into the intracellular “black box,” the magnitude and timing of
intracellular processes can be precisely controlled. Interfering oligonucleotides, such as
DNA, RNA, short hairpin RNA (shRNA), and short interfering RNA (siRNA), enable
direct, sequence-specific control of intracellular genes, but alone, lack the temporal
control necessary for precise manipulation. Recent advancements in chemical biology,
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nanotechnology, and plasmonics now enable new light-sensitive tools of sub-nanometer
and nanometer size scales to directly interface with intracellular processes. For example,
nanoplasmonic optical antennae can be used as carriers of oligonucleotide cargo (Fig.
1.1d). Initially, oligonucleotide functionality is inactivated. Using light illumination as a
remote trigger to release free oligonucleotides and “activate” their functionality,
endogenous intracellular genes can be silenced on-demand. In addition to the inhibitory
effects of interfering oligonucleotides, exogenous foreign genes can be also introduced
and expressed on-demand. In this way, the magnitude and timing of genetic activities
can be systematically varied on-demand. Signal distortions can be minimized since
light-sensitive tools are activated from within the intracellular space, and therefore,
steps in the extracellular-to-intracellular cascade are bypassed at the time of activation.
Equipped with new tools to directly probe the intracellular space, quantitative and
systematic approaches should capture many dynamic activities within the living cell that
were otherwise previously impossible to detect using conventional methods.

Caging Technologies

Caging is also an effective means to temporarily inactivate oligonucleotide
functionality by incorporating photo-labile protective groups, otherwise known as caging
groups, into the bases or the phosphate backbone (6). Ultra-violet (UV) irradiation
removes the caging groups and restores oligonucleotide functionality. UV-activated
gene silencing using caged antisense DNA has been demonstrated in mouse NIH 3T3
fibroblast cells (7). UV-activated gene silencing using caged siRNA has also been
demonstrated in human HelLa cervical carcinoma cells (8). While caging enables
excellent spatiotemporal control of intracellular genes, the particular use of UV
wavelengths is of some concern since intracellular proteins and nucleic acids are widely
known to absorb, crosslink, and mutagenize in the presence of UV irradiation. Therefore,
activation using less biologically harmful wavelengths of light is highly desirable.

NIR Nanoplasmonic Optical Antennae

Gold nanoplasmonic optical antennae, in the near-infrared (NIR) spectral region,
are attractive candidates for intracellular control. The NIR wavelength regime is well
suited for biological and biomedical applications since tissues and cells are essentially
transparent between 700-1300 nm (9). Due to their strong and sharp resonance peak in
their optical properties, nanoplasmonic optical antennae efficiently convert light energy
into surface-localized heat, otherwise known as photothermal conversion (10-12), when
the incident light is matched to their plasmon resonance wavelength. In the presence of
this incident light, the conduction electrons of the antennae collectively oscillate in
phase on resonance and subsequently make collisions with the metal lattice, thereby
dissipating heat (12). Heat transfer from the surface of antennae’ to the surrounding
cellular environment is highly localized, decaying exponentially within a few nanometers
(10, 13, 14) and therefore is thought to have minimal adverse effects on cells. Among
the nanoplasmonic optical antennae geometries, rod-shaped nanoplasmonic optical
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antennae, otherwise known as gold nanorods (13, 15, 16), are of widespread interest
and pervasive use due to their large absorption cross-section, facile tunability of their
plasmon resonance wavelength based on geometry, narrow spectral width of the
longitudinal plasmon resonance band, and uniformly large-scale synthesis (Fig. 1.2).
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Figure 1.2. Rod-shaped nanoplasmonic optical antennae (gold nanorods). (a) Scanning electron
microscopy image showing uniformly large-scale synthesis, (b) visual image showing facile tunability of
the plasmon resonance wavelength, and (c) UV-VIS absorbance spectra showing large absorption cross-
sections of rod-shaped nanoplasmonic optical antennae (otherwise known as gold nanorods).

Because of their extraordinarily large surface-to-volume ratio, nanoplasmonic
optical antennae are ideal carriers of cargo, such as interfering oligonucleotides. While
attached to their carriers, cargo is rendered inactive due to steric hinderances between
the tightly-packed cargo. In the presence of light that is matched to their plasmon
resonance wavelength, carriers photothermally release their cargo to freely interact with
the local environment. Several strategies, employing different carrier and cargo types,
have been demonstrated. For example, it is shown in this dissertation that short single-
stranded DNA, otherwise known as antisense DNA, can be hybridized to a thiolated
complementary sense strand, bound to a gold nanorod’s surface through the gold-thiol
covalent bond, and photothermally dehybridized using continuous-wave incident light
that is matched to the plasmon resonance wavelength of the gold nanorods (13) (Fig.
1.3a). Antisense DNA can also be photothermally dehybridized from other geometries,
such as gold nanoshells (17) (Fig. 1.3b) and gold nanoprisms (18) (Fig. 1.3c) using
continuous-wave illumination. This strategy of photothermal dehybridization using
continuous-wave illumination offers several notable advantages. Firstly, no chemical
modifications are made to the antisense DNA strand itself since a thiolated
complementary strand is used to directly conjugate to the carrier's surface. Because
chemical modifications can interfere with nucleic acid functionality and gene silencing
efficacy, unmodified antisense DNA is highly desirable. Secondly, gold-thiol covalent
bonds are stable after illumination, such that the carrier's surface remains covered with
the thiolated complementary sense strands. With respect to cytotoxicity, this surface
coating of complementary strands after illumination is critical. While the gold core is
widely accepted as being biocompatible, bare gold nanoparticles have been shown to
interact with proteins and induce mis-folding at physiological conditions (19).
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Maintaining surface coverage with complementary strands after illumination also
prevents reattachment of antisense DNA strands back onto the carrier since
rehybridization events are thermodynamically unfavorable due to steric hinderances and
electrostatic repulsive forces at the carrier’s surface (20). Finally, the structural integrity
of carriers is uncompromised after illumination. Maintaining structure after illumination
allows unique nano-scale optical properties to be retained, thereby enabling the same
incident light wavelength to be used. Repetitive or finely-graded release of cargo is
conceivable for future applications requiring precise temporal patterns of cargo release.
Maintaining structure after illumination is also crucial for in vivo applications, where the
size, geometry, coating material, and core material of nanoparticles are precisely
designed and carefully characterized for proper biodistribution (21).

>
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Figure 1.3. Photothermal dehybridization using continuous-wave illumination from nanoplasmonic
optical antennae of various geometries. (a) In this dissertation, duplexes of thiol-modified sense and
antisense DNA are covalently bound to the gold nanorod. In the presence of continuous-wave illumination,
the antisense DNA strands dehybridize while the thiol-modified sense strands remain attached. (b)
Antisense DNA has also been photothermally dehybridized from gold nanoshells (17). (¢) Antisense DNA
has also been photothermally dehybridized from gold nanoprisms (18).

Alternatively, thiol-modified antisense DNA can be covalently bound to gold
nanorods directly. It has been demonstrated that pulsed incident light can
photothermally melt gold nanorods into spheres, thereby destabilizing the gold-thiol
covalent bond and releasing thiol-modified antisense DNA (22) (Fig. 1.4a).
Photothermal melting has also been effective at releasing thiol-modified linearized
plasmid DNA from gold nanorods (23) (Fig. 1.4b) and thiol-modified siRNA from gold
hollow nanoshells (24) (Fig. 1.4d). Additionally, photothermal melting has been shown
to destabilize electrostatically-attached circular plasmid DNA from gold nanorods (25,
26) (Fig. 1.4c). This strategy of photothermal melting using pulsed illumination presents
several unique functionalities. Firstly, photothermal melting ensures complete release of
all cargo. Secondly, the resulting shape change from rods to spheres enables a distinct
and defined shift in the plasmon resonance wavelength. A second light source can be
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easily employed to re-match to the plasmon resonance wavelength of these shape-
transformed carriers. These functionalities may be useful for future studies that involve
multifunctional release and detection schemes. Conceivably, cargo can be completely
release from gold nanorods using pulsed illumination, and after a shape transformation,
binding activity can then be detected using the now bare gold spherical surface. In the
case of gold nanoshells, their silica cores deform after pulsed illumination due to high
temperature heating (lattice temperatures reaching ~1064°C, the melting point of bulk
gold) (27). As a result, their plasmon resonance wavelength can also shift after
illumination, but in a less distinct and controlled manner compared with photothermally
melted gold nanorods. Re-matching the incident light wavelength can therefore be
considerably more difficult if the plasmon resonance wavelength cannot be easily
controlled after shape transformation.
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Figure 1.4. Photothermal melting using pulsed illumination. (a) Thiol-modified antisense DNA is
released by photothermally melting gold nanorod (22). (b) Thiol-modified linearized plasmid DNA is
released by photothermally melting gold nanorod (23). (c) Electrostatically-attached circular plasmid DNA
is released by photothermally melting gold nanorod (25, 26). (d) Thiol-modified siRNA is released by
photothermally melting gold hollow nanoshell.



Nanoplasmonics-enabled Intracellular Control

Nanoplasmonic optical antennae enable “nanoplasmonic control” of genetic
activities with sequence-specificity and spatiotemporal resolution. In this dissertation,
rod-shaped nanoplasmonic optical antennae are primarily utilized because of their
unique optical properties that arise from their asymmetric geometry. Rod-shaped
nanoplasmonic optical antennae carrying genetic cargo are internalized in living cells by
endocytosis. While attached to their carriers, the cargo is temporarily “inactive”. The
cargo is also protected from degradation by nucleases due to steric hinderances
between the tightly-packed cargo at the carriers’ surface (28). Continuous-wave
illumination matched to the plasmon resonance wavelength of carriers is used to
“activate” cargo by photothermally disrupting encapsulating endosomes (13, 29-31) and
photothermally releasing free cargo into the cytosol. In this way, endogenous
intracellular genes can be silenced on-demand.

On-demand gene silencing of endogenous intracellular genes using antisense
DNA is demonstrated in Chapter 3. In Chapter 3, duplexes of thiol-modified sense and
unmodified antisense DNA cargo are covalently bound to carriers and internalized in
living cells (Fig. 1.5). In the presence of continuous-wave illumination, antisense DNA
strands dehybridize and release into the cytosol, while the thiol-modified sense strands
remain attached to the carriers. The unbound antisense DNA then binds to a portion of
the corresponding mature mRNA. Once the mRNA/antisense DNA heteroduplex is
formed, it is recognized and degraded by RNase H enzymes in the cytosol, thereby
silencing the gene-of-interest.
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Figure 1.5. On-demand gene silencing mechanism by antisense DNA. (detailed in Chapter 3)

In addition to antisense DNA, short interfering RNA (siRNA) is also known to
inducing silencing effects. Therefore, biologically functional cationic phospholipid-gold
nanoplasmonic carriers that are compatible with and capable of carrying siRNA cargo
are described in Chapter 4. These carriers simultaneously exhibit carrier functionality,

7



demonstrate improved nanoparticle stability, retain nano-scale optical properties, and
show no cytotoxicity under physiological conditions

Using biologically functional cationic phospholipid-gold nanoplasmonic carriers of
siRNA, on-demand gene silencing of endogenous intracellular genes by siRNA is
demonstrated in Chapter 5. In Chapter 5, siRNA duplexes are electrostatically attached
to cationic phospholipid-gold nanoplasmonic carriers and internalized in living cells (Fig.
1.6). In the presence of continuous-wave illumination, the electrostatic interaction is
destabilized and siRNA duplexes are released into the cytosol. The unbound siRNA
duplexes sequentially trigger cytosolic RNA-inducing silencing complex (RISC) to
unwind the duplexes, bind to complementary mature mRNA, and silence gene

expression.
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Figure 1.6. On-demand gene silencing mechanism by siRNA. (detailed in Chapter 5)

In addition to inhibitory effects, genes can also be expressed on-demand using
nanoplasmonic optical antennae. In Chapter 6, a transcriptional pulse of target gene
expression is generated using siRNA-conjugated nanoplasmonic gene switches of
different aspect ratios to selectively and temporally manipulate the activities of
repressors and activators upstream from the target gene. In this way, the magnitude
and timing of genetic activities can be systematically varied on-demand. Equipped with
new nanoplasmonic optical antennae to directly probe the intracellular space,
quantitative and systematic approaches should capture many dynamic activities within
the living cell that were otherwise previously impossible to detect using conventional
methods.
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CHAPTER 2:
THEORETICAL BACKGROUND OF
NANOPLASMONIC OPTICAL ANTENNAE

Nanoplasmonic optical antennae convert freely propagating electromagnetic
energy into localized energy by utilizing the unique optical properties of metallic
nanostructures. The understanding of the optical and photothermal properties of
metallic nanostructures requires electrodynamics, solid-state, and heat transfer theory.
Concepts from these disciplines are covered in this chapter; however, for a more in-
depth review, the reader is directed to classical textbooks on electrodynamics by
Griffiths (1) and by Bohren (2), solid-state physics by Kittel (3), and heat transfer by
Ingropera and Dewitt (4) and by Carslaw and Jaeger (5).

A nanoplasmonic optical antenna receives, focuses, and transmits incoming optical
and NIR electromagnetic radiation as an analogous, classical antenna receives,
focuses, and transmits radio-frequency electromagnetic radiation. A nanoplasmonic
optical antenna focuses incoming electromagnetic radiation down to dimensions smaller
than the diffraction limit, otherwise known as the antenna effect, by coupling the
incoming electromagnetic radiation to the localized excitation of conduction electrons at
the conductor-dielectric interface of the nanoplasmonic optical antenna (Fig. 2.1). This
antenna effect is prominent when the incoming electromagnetic radiation is matched to
the plasmon resonance of the nanoplasmonic optical antenna, and as a result, the
conduction electrons at the conductor-dielectric interface of the nanoplasmonic optical
antenna collectively oscillate in phase on resonance.
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Figure 2.1. Antenna effect. When the diameter d of a nanoplasmonic optical antenna is much smaller
than the wavelength A of incoming electromagnetic radiation, the antenna is subject to a uniform static
electric field. Under this condition, a nanoplasmonic optical antenna focuses incoming electromagnetic
radiation (electric field E, wave vector k) down to dimensions smaller than the diffraction limit, otherwise
known as the antenna effect, by coupling the incoming electromagnetic radiation to the localized
excitation of conduction electrons at the conductor-dielectric interface of the nanoplasmonic optical
antenna.

11



Quasi-static Theory for Rod-shaped Nanoplasmonic Optical Antennae

As a result of the antenna effect, nanoplasmonic optical antennae exhibit
resonantly enhanced absorption and scattering properties that are useful for drug
delivery, gene delivery, biomedical and spectroscopic imaging, and therapeutics.
Among the nanoplasmonic optical antennae geometries, rod-shaped nanoplasmonic
optical antennae, otherwise known as gold nanorods, are of widespread interest and
pervasive use in the aforementioned applications due to their large absorption cross-
section, facile tunability of the their plasmon resonance based on geometry, narrow
spectral width of the longitudinal plasmon resonance band, and uniformly large-scale
synthesis. Since it is subject to a uniform static electric field when its size is much
smaller than the wavelength of the incoming electromagnetic radiation, a rod-shaped
nanoplasmonic optical antenna exhibits resonantly enhanced absorption and scattering
properties which can be mathematically described using the quasi-static approximation
(1, 2, 6-8). Under this electrostatic condition, the Laplace equation for the potential is:

Vi =0
The solution to this Laplace equation for the potential can then be used to solve for the
electric field:
E=-VO
Here, a rod-shaped nanoplasmonic optical antenna is modeled as an ellipsoid:
2 2 2
—+—+—=1
a’? b> ?
where c¢ is the major axis, a and b are the minor axes of the ellipsoid, and a=5. In
ellipsoidal coordinates (&,7,¢), the equation becomes:
2 2 2

2x + 2y + ZZ =1, —c?<é<w
a"+& b"+E " +¢
52 2 -2
5 + Zy +— =1, —b2<77<—02
a“+n b +n c" +pg
2 2 2

AN A S
ad+¢ b+ PF+c
The general solution for the potential is of the form:
1/2
o(en.¢)=FEN? +n)e + ¢
Due to the requirement that potentials remain finite at the origin, the solutions for the

potentials @;, inside and ®,, outside the antenna can be written as:
1/2

@, (n.0)=CRENE +n)2 + <)
®out(§,ﬂ,§)=C2Fz(g){(CZ ) +§)}1/2

The coefficients C; and C, can be determined from the boundary conditions. Firstly, the
potentials must be continuous at the boundary of the antenna:

CDin (09 , él) = q)O(Os n, §)+ q)out (0’ 7, ;)

12

1, —a? < ¢ <-b?



Secondly, there must be continuity of the normal component of the displacement field at
the boundary between the antenna and the medium:

dg dg dg
Therefore, the potentials inside @, and outside ®,, the antenna are:

D
= e s,
1+ —==_m’
gm
abcem—gj' dg abe £ — &
2 &y (Cz‘*‘Q)f(‘J) 3 5
O D _Eycost 3 ¢, (r>>a)
=D, ~ ,
out 1+L(8—8m) V2 1+L(8—8m)
‘9m gm
where
1-e? 1,1
L= | 14—m—"¢
ez 2e l1-e
and
ez—l—ﬁ
2

The potential @, outside the antenna can then be re-written to introduce the dipole
moment p:

E—¢&,
3, + 3L(€ - gm)
Therefore, when the incoming electromagnetic radiation travels along the x-axis, the
applied field is parallel to the z-axis and the polarizability « is:

E—&y
3¢, +3L(s+¢,)

Similarly, when the electromagnetic radiation travels along the z-axis and the applied
field is parallel to either the x-axis or the y-axis, the respective polarizabilities «; and «,
are:

p = 4re,,abc Ey

o = 4mabc

E—é&y
3¢, +3L (s +¢,)

oy = 4mabc

E—&py

a, =4mabc
2 3¢, +3L2(5+3m)

where
1
L =1L, =5(1—L)

Since no known alignment mechanism is used to intentionally align the rod-shaped
nanoplasmonic optical antennae, it can be reasonably assumed that rod-shaped
nanoplasmonic optical antennae are randomly oriented. Therefore, the overall
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polarizability & is equal to the average of the polarizabilities «, a;, and «, in the three
principle orientations is:

ﬁz%(a—kal—kaz)

Finally, the absorption cross-section C,,, and the scattering cross-section C,., can be

written as:
Cabs =k Im(a)

4
c k

2
sca :a |

73

Dual Functions of Nanoplasmonic Optical Antennae

When nanoplasmonic optical antennae are geometrically designed such that their
absorption cross-section C,; dominates over their scattering cross-section C;., the
antenna effect can be utilized to efficiently convert absorbed light energy into surface-
localized heat, otherwise known as photothermal conversion (9-11). Here, when the
incoming electromagnetic radiation is coupled to the localized excitations of conduction
electrons at the conductor-dielectric interface of the nanoplasmonic optical antenna,
these conduction electrons are excited from the ground (unexcited) state (Fig. 2.2a).
Treating the electrons and the lattice as two coupled systems (11), energy is then
transferred from the excited conduction electrons to the lattice through electron-phonon
collisions. As the system relaxes back to the ground state, the absorbed energy is finally
dissipated as heat through phonon-phonon interactions. This photothermally generated
heat transfer from the surface of the antenna to the surrounding cellular environment is
highly localized, decaying exponentially within a few nanometers (9, 12, 13) and
therefore is thought to have minimal adverse effects on cells. Additionally, the plasmon
resonance of the nanoplasmonic optical antenna is also tuned to the NIR during
fabrication, since tissues and cells are essentially transparent in the NIR wavelength
regime (14). Nanoplasmonic optical antennae, serving as nanoplasmonic gene switches,
utilize photothermally generated heat to liberate surface-bound cargo, such as single-
stranded DNA (12, 15-17), short interfering RNA (siRNA) (18), or plasmid DNA (19-21),
in a highly localized manner.

Alternatively, nanoplasmonic optical antennae can be geometrically designed such
that their scattering cross-section C,., dominates over their absorption cross-section C,.
The geometry and structure can also be specifically designed to substantially enhance
the antenna effect by utilizing the plasmon coupling between closely positioned
geometrical features of the antenna and the lightning rod effect (22) at sharp
geometrical features of the antenna. Therefore, when the incoming electromagnetic
radiation is coupled to the localized excitations of conduction electrons at the conductor-
dielectric interface of the nanoplasmonic optical antenna, intense scattered radiation is
generated. Molecules in proximity undergo a momentary transition from the ground
state to a virtual state (Fig. 2.2b). Transitions are related to the biochemical composition.
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Enhanced Raman scattering, utilized in surface-enhanced Raman spectroscopy (SERS)
(23-31), results when the transition is immediately to a vibrational level of the ground
state. Enhanced Rayleigh scattering, utilized in plasmon resonance energy transfer
(PRET) (32-34), results when the transition is immediately back to the ground state. In
this way, nanoplasmonic optical antennae serve here as biosensors to enable a highly
sensitive and label-free spectral readout of the biochemical composition in the local
environment.

a Absorption b Scattering
electron-phonon
coupling
Electron | —» Lattice
— Excited state Excited state

Photothermally
generated heat

phonon-phonon

IIIIIIIIIIIII\[IIIIII Virtual state
interactions

—— == Ground state Ground state

Figure 2.2. Dual functions of nanoplasmonic optical antennae. (a) Nanoplasmonic gene switches are
geometrically designed such that their absorption cross-section dominates over their scattering cross-
section. Therefore, when the incoming electromagnetic radiation is coupled to the localized excitations of
conduction electrons, these conduction electrons are excited from the ground (unexcited) state. Energy is
then transferred from the excited conduction electrons to the lattice through electron-phonon collisions. As
the system relaxes back to the ground state, the absorbed energy is finally dissipated as heat through
phonon-phonon interactions. (b) Biosensors are designed such that their scattering cross-section
dominates over their absorption cross-section. Therefore, when the incoming electromagnetic radiation is
coupled to the localized excitations of conduction electrons, a momentary transition from the ground state
to a virtual state occurs. Enhanced Raman scattering, results when the transition is immediately to a
vibrational level of the ground state. Enhanced Rayleigh scattering results when the transition is
immediately back to the ground state.

Heat Transfer Theory

To minimize adverse effect on cells, it is critical that the photothermally
generated heat transfer from the surface of the nanoplasmonic optical antenna to the
surrounding cellular environment is highly localized. A nanoplasmonic optical antenna
(radius 25 nm) internalized in a cell (radius 10 um) can be modeled as a point source of
heat based on its dimensions relative to the cell’'s dimensions. It can be reasonably
assumed that radiative effects are negligible since radiative heat transfer scales with
temperature T* and, in this case, low temperatures (<70°C) are utilized for on-demand
liberation of surface-bound cargo. It is also assumed that convective effects are
negligible since convective heat transfer occurs through a gas or liquid and, in this case,
the cell cytoplasm is assumed to be more of a gelatinous material. Therefore, the main
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mode of heat transfer is heat conduction from this point source of heat (5). The
derivation begins with the general form of the conservation of energy (4) is:

B+ Ey—Epy=E
The energy inflow E,, is described by the heat conduction rates ¢, q,,and g, inthe x.
y and z directions, respectively:

out stored

Ein =qx 4y, T4,
The energy generation Eg is described by the rate of thermal energy generation:
E, = qdxdydz
The energy outflow £, is expressed as:
Eout =Gx+ax T9y+dy T 9z+dz

The energy stored E,,,,., iS expressed as:

- dT
Estored = pcp E dxdydz

where p is the density and ¢, is the specific heat. Therefore, the conservation of
energy equation can be re-written as:

. dT
(qx + Qy +4; )+ (qudde)_ (qx+dx + qy+dy + 41 ): (pcp EdXddej

The heat conduction rates ¢,, ¢,, and g, are expressed as:

q, =—kdydz dar
dx

q, =—kdxdz dar
dy

q, = —kdxdy dar
dz

where £ is the thermal conductivity. Substituting in these equations, the conservation of
energy equation can then be re-written as:

d(,dl\ d{(,dT\ d(,dT)\ . dT
— | k—|+—|k—|+—|k— |+4=pc, —
dx\ dx) dy\ dy) dz\ dz dt
Assuming the thermal conductivity remains constant:

d’T d°T d°T ¢ _1dT

+ = =
x> d? dt ok oad
Assuming there is no internal mechanism for heat generation within the system:
d*T d*T d°T _1dT
+ + =——
dx?  dy?  d? adt
Therefore, the solution for T is:
ro_ 9 e_((x_x')z+(y_yv)2+(z_zv)2)/4kt __ 9  ram
8(7rkt)3/2 8(7rkt)3/2
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The temperature over time can be obtained by integrating over time:
t

1 2 1 4k(e—r) At
T-T, =—IQ€ " _
8(kt)*'? ¢ (t—1)?
0 r
T-T,= erfc
O Anr x N4kt
C.. I 7
T_T — abs e’fc
O 4nr N4kt

where C,, is the absorption cross-section and 7 is the light intensity. Using cargo
liberation temperature of 70°C, antenna radius of 25 nm, thermal conductivity of 0.5
W/m*K for gelatin (35), exposure time of 30 sec, and light power of 80 mW, the
temperature distribution from the surface of the nanoplasmonic optical antenna is
shown in graphical form in Figure 2.3a. An important observation from this graph is that
the temperature returns back to 37°C within 20 nm, indicating that photothermally
generated heat transfer from the surface of the antenna to the surrounding cellular
environment is highly localized.

a Derived model of heat conduction b FemLab simulation of heat
from a point source of heat conduction
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Figure 2.3. Temperature distribution from the surface of the nanoplasmonic optical antenna. (a)
Localized heat distribution from the surface of the nanoplasmonic optical antenna is modeled as heat
conduction from a point source of heat. (b) Axisymmetric FemLab simulation also demonstrating localized
heat distribution at the nanoplasmonic optical antenna’s surface at steady-state.

Additionally, FEMLab software can also be used to simulate an axisymmetric model of
the heat distribution of a single nanoplasmonic optical antenna at steady-state (Fig. 2
3b). Fig. 2.3b shows the temperature distribution as a function of distance from the
surface of the nanoplasmonic optical antenna. From the surface outwards, the
temperature profile begins at the dehybridization temperature of short double-stranded
oligonucleotides and falls off exponentially to 37°C within 20 nm from the surface of the
nanoplasmonic optical antenna. This further demonstrates that the photothermally
generated heat is highly localized to the surface and should not propagate significantly
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within the intracellular environment. Thus, we expect cell viability will remain
uncompromised after light illumination.
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CHAPTER 3:
NANOPLASMONICS-ENABLED ON-DEMAND GENE
SILENCING: ANTISENSE DNA APPROACH

Precise spatiotemporal control of gene silencing in living cells is in critical
demand (1, 2) for dynamically studying cellular signaling pathways (3), quantitative cell
biology (4), systems biology (5), and molecular cell biology (6). In order to advance
these dynamic cellular studies, nanoscale intracellular transmitter and receiver systems
(ie. nanoplasmonic optical antennae) are required for the remote manipulation of
biological systems. Remote electronic control of DNA hybridization by inductive coupling
of a radio-frequency (7), photo-uncaging of DNA by UV light (8-10), and chromophore-
based optical activation (11, 12) of biomolecules has previously been demonstrated.
Enzymes (13) and thermo-responsive polymers (14) have also been used to release
biomolecules from carriers. Additionally, photothermal melting of carriers has previously
been used to release large plasmids from carriers (15, 16). High energies have also
been utilized in photothermal therapies to destroy cells-of-interest (17-19). However, on-
demand gene silencing with precise spatiotemporal resolution, minimal photo-damage,
as well as the selective coupling of the optical transmission frequencies to different
nanoplasmonic optical antennae has not yet been accomplished.

In this chapter, nanoplasmonic optical antennae are utilized here as
nanoplasmonic gene switches for on-demand gene silencing in living cells. The
plasmon resonance of nanoplasmonic gene switches is specifically tuned to the NIR
spectral region where cells and tissues are essentially transparent. Due to their
extraordinarily large surface-to-volume ratio, nanoplasmonic gene switches are ideal
carriers of interfering antisense DNA (Fig. 3.1a). Antisense DNA is a short single strand
of DNA (15-50 bp) that is complementary to the mRNA corresponding to the gene-of-
interest. Interfering antisense DNA enables direct, sequence-specific silencing of genes,
but alone, lacks the temporal control necessary for precise manipulation. To enable on-
demand control, duplexes of thiol-modified sense and unmodified antisense DNA cargo
are covalently bound to carriers and internalized in living cells. While antisense DNA is
attached to nanoplasmonic gene switches, its interfering functionality is inactivated.
Using light illumination as a remote trigger to photothermally dehybridize antisense DNA
and “activate” their functionality (Fig 3.1b), genes can be silenced on-demand (Fig.
3.1c). The unbound antisense DNA binds to a portion of the corresponding mature
mMmRNA. Once the mRNA/antisense DNA heteroduplex is formed, it is recognized and
degraded by RNase H enzymes in the cytosol, thereby silencing the gene-of-interest
(Fig. 3.1c). Since RNase H, is ubiquitously present in both the cytosol and the nucleus
(20, 21), an alternative model (20) suggests that unbound antisense DNA transports to
the nucleus. In the nucleus, the antisense DNA binds to the premature mRNA. Once
this heteroduplex is formed, it is recognized and degraded by nuclear RNase H
enzymes (Fig. 3.1d).
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Figure 3.1. Nanoplasmonics-enabled on-demand gene silencing using antisense DNA. (a) Duplexes
of thiol-modified sense and antisense DNA covalently bound to the gold nanorod. (b) In the presence of
continuous-wave illumination, the antisense DNA strands dehybridize while the thiol-modified sense
strands remain attached. (c) On-demand gene silencing using antisense DNA: Step 1 — duplexes are
covalently bound to gold nanorods and internalized in cells. Step 2 - in the presence of illumination,
antisense DNA strands dehybridize and release into the cytosol. Step 3 - unbound antisense DNA binds
to a portion of the mature mRNA. Step 4 - mRNA/antisense DNA heteroduplex is recognized by RNase H
enzymes. Step 5 - RNase H degrade the heteroduplex, thereby silencing the gene-of-interest. (d)
Alternative model: Step 1 and step 2 are the same. Step 3 - unbound antisense DNA transports to the
nucleus and binds to the premature mRNA. Step 4 - heteroduplex is formed and recognized by RNase H.
Step 5 — heteroduplex is degraded by nuclear RNase H enzymes, thereby silencing the gene-of-interest.
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Methods

Preparation of antisense DNA-conjugated gold nanorods. Gold nanorods with
aspect ratio of 3.5 (Fig. 3.2 b) were synthesized using a previously reported seed-
mediated growth method (22, 23). These switches were selected because of the
maximum light absorbance at a wavelength in the NIR range of interest (785 nm).
Phosphorothioate oligonucleotides sequences directed against the 5 region of the
ERBB2 mRNA molecule were purchased from Integrated DNA Technologies (Coralville,
IA). The sense sequence was 3-GTGAGCACCATGGAG-5-SH and the antisense
sequence was 3 - CTCCATGGTGCTCAC-5. Scrambled sense sequence 5'
AAGAUCCAGUGGUAAUCUAC-3’-SH and antisense sequence 5
GUAGAUUACCACUGGAGUCUU-3" were used as control sequences. Unless
otherwise specified, all sequences were purchased from Integrated DNA Technologies
and all sequences were not labeled with dye. All thiolated oligonucleotides were
reduced with dithiothreitol (Fisher Scientific) and were purified using NAP5 purification
columns (GE Healthcare). To conjugate sense oligonucleotides to switches, 100 uL of
100 uM thiolated, sense oligonucleotides was incubated with 2000 uL of switches
(1x10° particles/ml) and 40 pL of phosphate-buffered saline (PBS) on a rocker for 24
hours. The sense oligonucleotides attached to the switches through the thiol (-SH)
group on the 5 end. To hybridize antisense oligonucleotides to the sense
oligonucleotides, 100 puL of 100 uM antisense oligonucleotides were added to the
switch-containing solution. This mixture was then heated for 2 minutes at 80°C and then
heated for 15 minutes at 65°C. The mixture was finally incubated at room temperature
on a rocker for 24 hours to ensure maximum hybridization. For use with cell culture, the
conjugated switches were concentrated to 1x10™ particles/uL by centrifugation at 5000
rom for 30 minutes, removal of the supernatant, and sonication for 1 minute to
resuspend switches. The functionalized particles were then mixed with lipid complexes
(Metafectene, Biontex) at a 3:1 ratio and allowed to incubate for 20 minutes, as
suggested by manufacturer’s instructions. The complexes were then added to cells and
allowed to incubate for 12 hours. After 12 hours, the media was then exchanged back to
normal media.

Surface immobilization of conjugated nanoplasmonic gene switches. TAMRA-
modified (559 nm excitation/583 nm emission), phosphorothioate antisense
oligonucleotides (TAMRA - 3’ - CTCCATGGTGCTCAC-5’) were used to visually monitor
the photothermal dehybridization of antisense oligonucleotides from the switches.
Conjugated switches were electrostatically attached to the glass slide. The solution
containing switches was firstly dispensed onto the glass slide. Immediately after drying
on the slide, the switches were re-immersed in buffer solutions. A few rounds of
washing steps were also performed to remove free standing switches. When re-
immersed in solution, the conjugated switches remain permanently attached to the
glass surface.

Characterization of laser power, wavelength specificity, and temperature. A 785
nm laser (model APM50/1557, Power Technologies, Little Rock, AR) was positioned

23



above the sample. The laser spot size was 2 mm. An inverted microscope operating in
epi-fluorescence mode was used to visualize photothermal dehybridization.

To characterize laser power, the power intensity was measured using an optical power
meter (model 1830-C, Newport Corp, Irvine, CA). Immobilized switches with TAMRA-
labeled antisense oligonucleotides were illuminated at three different power intensities:
4 mW/mm?, 6 mW/mm?, and 9 mW/mm? for 30 minutes. At 10 minute intervals, the
fluorescence intensity of an area away from the conjugated switches was captured
using a color CCD camera (Qfire, Olympus America, Inc.).

To characterize wavelength specificity, a 658 nm laser (model LM658-65C, Newport
Corporation, Irvine, CA), outside the peak optical absorption, was also used in addition
to the 785 nm laser. Immobilized switches with TAMRA-labeled antisense
oligonucleotides were illuminated at the same power density of 9 mW/mm? for 30
minutes using each laser. At 10 minute intervals, the fluorescence intensity of an area
away from the conjugated switches was captured using a color CCD camera (Qfire,
Olympus America, Inc.). Matlab™ software was used to analyze the fluorescence
intensity by integrating the signal over the area of the image. Various areas located at
the same radial distance from the immobilized switches were measured to obtain
statistical information (mean, standard deviation).

To characterize the temperature on the switches, three different lengths of
oligonucleotides (15 bp, 25 bp, and 50 bp) with known melting temperatures (50°C,
63°C, and 70°C respectively) were purchased: (15 bp sense) 5' — GTG AGC ACC ATG
GAG - 3' SH, (15 bp antisense) 5'- CTC CAT GGT GCT CAC - 3' FAM, (25 bp sense)
5'- AAC CTC CTC GAA CCT CCT CGA ACC T - 3' SH, (25 bp antisense) 5' - AGG
TTC GAG GAG GTT CGA GGA GGT T - 3' FAM, (50 bp sense) 5' - AAC CTC CTC
GAA CCT CCT CGA ACC TAAC CTC CTC GAA CCT CCT CGA ACC T-3'SH, and (50
bp antisense) 5' - AGG TTC GAG GAG GTT CGA GGA GGT TAGG TTC GAG GAG
GTT CGA GGA GGT T- 3' FAM. Here, all the antisense strands were labeled with FAM
dye (495 nm excitation/520 nm emission) on the 3’ end to visually monitor the
photothermal dehybridization of antisense oligonucleotides from the switches. To
characterize the temperature, immobilized switches with different lengths of
oligonucleotides were illuminated with 9 mW/mm? for 15 minutes. The fluorescence
intensity of the conjugated switches was captured at 3 frames/sec using a color CCD
camera (Qfire, Olympus America, Inc.).

Cell preparation. The human breast carcinoma line BT474 was purchased from the
American Type Culture Collection (Rockville, MD). Cells were cultured in DMEM media
supplemented with 10% heat-inactivated fetal bovine serum and were maintained in a
37°C incubator with 5% CO, humidified air. Cells were initially seeded in either 6-well
plate at a cell density of 400,000 cells/well (9.6 cm?) or 96-well plates at 20,000
cells/well. The cells were allowed to plate for 24 hours prior to treatment with conjugated
switches.
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Experimental setup for localized photothermal dehybridization. To show highly
localized photothermal dehybridization, a 785 nm laser was positioned above a sample
using a micro-manipulated xyz stage (MP-285, Sutter Instrument Company). The laser
was then focused to a 5 um diameter spot size using a 4X objective lens located above
the sample. An inverted microscope operating in epi-fluorescence mode was used to
visualize photothermal dehybridization. Conjugated switches were illuminated using the
focused laser at 9 mW/mm? for 2 minutes without illuminating other neighboring
switches. Images were captured using a color CCD camera (Qfire, Olympus America,
Inc.) before and after illumination.

For intracellular photothermal dehybridization, 10 uL of conjugated switches (1x10™
particles/uL) were internalized inside BT474 breast carcinoma cells (which were plated
on glass coverslips in the 6-well plates) for 8 hours. The antisense strand was labeled
with FAM fluorescent dye. After 8 hours, the coverslips containing cells were removed
from the 6-well plate and were washed three times with 1X PBS. The coverslip
containing cells was then placed on a microscope slide. Cured PDMS was used to form
a well around the coverslip on the microscope slide. This well was then filled with
media. Conjugated switches were illuminated using the focused laser at 9 m\W/mm? for
2 minutes without illuminating other neighboring switches within a BT474 cell. Images
were captured using a highly sensitive monochrome CCD camera (Cascade 512B,
Photometrics) before and after illumination.

Experimental setup for conventional transfection of ERBB2 antisense DNA.
Antisense DNA, complementary to ERBB2 mRNA (FAM - 3’ - CTCCATGGTGCTCAC-
5’), were transfected into BT474 cells using Fugene 6 (Roche Diagnostics) transfection
reagent. Briefly, 10 ul of Fugene was mixed with 90 pul of Optimem media (Gibco) and
incubated for 5 minutes at room temperature. Then 0.5 ug of antisense oligonucleotides
was added to the Fugene/Optimem mixture and allowed to incubate for 20 minutes at
room temperature. Finally, this solution was added to one wells of the 6-well plate
containing BT474 cells and media. After 24 hours and 48 hours, the samples were
prepared for flow cytometry analysis (described below).

Experimental setup for nanoplasmonics-enabled on-demand ERBB2 silencing. 10
uL of conjugated switches (1x10" particles/uL) was added to each well of the 96-well
plate. The BT474 cells were incubated for 24 hours at 37°C with the conjugated
switches. After 24 hours, a 785 nm laser was positioned above a sample (spot size of
the laser was 2 mm in diameter). The laser was used to illuminate the cells at 9
mW/mm? for 2 minutes. The cells were then incubated at 37°C for 48 hours.

Indirect immuno-fluorescence staining of ERBB2. Cells were washed three times
with 1X PBS, fixed using 2% paraformaldehyde (15712-S, Electron Microscope
Sciences, Hatfield, PA) for 10 minutes, and blocked with bovine serum albumin (15260-
037, Invitrogen Corporation) for 30 minutes. The cells were then stained using mouse
anti-ERBB2 (OP15T, Calbiochem) primary antibody (1:100 dilution) for 90 minutes and
anti-mouse IgG (F5262-1ML, Sigma-Aldrich) secondary antibody conjugated with (1:128

dilution) FITC dye (488 nm excitation/518 nm emission) for 30 minutes.
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Viability analysis. Cells were seeded in 6-well plates as explained in the cell
preparation method above. After 24 hours, cells were incubated with 10 pL of
concentrated switches (1x10' particles/uL) in 2 ml of Optimem media per well for 24
hours. After 24 hours, the cells were washed with 1X PBS and placed back in media.
The laser was used to illuminate cells at 9 mW/mm? for 2 minutes. The cells were then
incubated at 37°C for two days and five days.

Two days and five days later, the cells were prepared for analysis with flow cytometry.
The cells were not fixed when they were analyzed. The cells were detached from the 6-
well plates using 0.25% trypsin for 2 minutes, collected using centrifugation (1100 rpm,
8 minutes), and re-suspended in 1X PBS which contains 2uM Calcein AM. As a control,
un-adhered dead cells were collected from the media in the 6-well plates and sonicated
for 10 seconds. These dead cells are then collected using centrifugation (1100 rpm, 8
minutes), and re-suspended in 1X PBS which contains 2uM Calcein AM (Invitrogen) for
20 minutes. These samples were then immediately transferred to FACS tubes for flow
cytometry analysis. Their fluorescence was analyzed by flow cytometry using the
Coulter EPICS XL flow cytometer (Beckman Coulter Inc., Fullerton, CA) at an average
flow rate of 500 cells/second. Flow cytometry profiles were analyzed using WinMDI
software. To qualitatively view viability, cells were adhered onto glass-coverslips and
prepared on-demand gene silencing in the same way as explained the above
paragraph. Five days after illumination, the cells were washed in 1X PBS and incubated
in 1X PBS containing 2 uM Calcein AM and 4 uM Ethidium homodimer (Invitrogen). The
cells were imaged using DIC and fluorescence microscopy.

Flow cytometry analysis. For flow cytometry analysis, duplicate samples were made
in the 96-well plates so that the total cell number per sample was approximately
500,000 cells. After treatment, the cells were washed three times with 1X PBS,
detached from the cell culture dish using 1m M EDTA for 10 minutes, collected using
centrifugation (1100 rpm, 8 minutes), and re-suspended in PBS containing 2% fetal
bovine serum (16000-036, Invitrogen Corporation) and 0.1% sodium azide. The
suspended cells were then stained for ERBB2 using 10 ul of mouse anti-ERBB2
conjugated with PE dye (340552, BD Biosciences) for 60 minutes in the dark. Cells in
the isotype control were stained with mouse IgG1 conjugated with phycoerythrin (PE)
dye (340761, BD Biosciences) to ensure no non-specific antibody binding took place.
The suspended cells were finally fixed in 2% paraformaldehyde for 10 minutes and
transferred to FACS tubes for flow cytometry analysis. Their fluorescence was analyzed
by flow cytometry using the Coulter EPICS XL flow cytometer (Beckman Coulter Inc.,
Fullerton, CA) at an average flow rate of 500 cells/second. Flow cytometry profiles were
analyzed using WinMDI software.
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Results and Discussion

The first stage in demonstrating on-demand gene silencing was confirming the
wavelength specificity for photothermal dehybridization. Duplex-conjugated switches
were prepared as previously described (33, 34) and immobilized onto a glass surface.
All the experiments were on based on permanently-attached switches. The antisense
DNA was labeled with fluorescent dye to visually monitor their dehybridization using
fluorescence microscopy. To demonstrate wavelength specificity, a laser at the peak
optical absorption (785 nm) was compared to a laser outside the peak optical
absorption (658 nm) for photothermal dehybridization. The entire viewing window was
illuminated using each laser, positioned above the sample. An inverted microscope
operating in epi-fluorescence mode was used to visualize photothermal dehybridization.
Photothermal dehybridization was monitored by observing the fluorescence intensity of
an area away from the conjugated switches. Initially, the normalized fluorescence
intensity of this area was set to 0. When the temperature on the switch reached the
melting temperature of the double-stranded oligonucleotides, the antisense strand was
dehybridized and the fluorescence intensity in the observed area increased. Fig. 3.2e
shows that the photothermal efficiency is two and a half times greater at the peak
optical absorption wavelength.

To minimize laser exposure to cells, the minimal power necessary to achieve
photothermal dehybridization was characterized. Conjugated switches, with
fluorescently-labeled antisense strands, were immobilized onto a glass surface and a
785 nm laser was used to illuminate the switches at various power densities: 4 mW/mm?,
6 mW/mm?, and 9 mW/mm?. Fig. 3.2f illustrates that the photothermal efficiency rises
with increasing power densities.

In order to demonstrate on-demand gene silencing in living cells, it is important to
confirm that the photothermally generated heat generated will not adversely affect cells.
Heat transfer theory, in Chapter 2, theoretically verified that photothermally generated
heat is highly localized to the surface of switches. In this chapter, the temperature on
the surface of the switches is experimentally characterized. It was reasoned that if three
different oligonucleotides of known length (15 bp, 25 bp, and 50 bp) with known melting
temperatures (50°C, 63°C, and 70°C respectively) are photothermally dehybridized, the
temperature on the switches as a function of input energy can be correlated by
visualizing their melting profiles. As seen in Figure 3.2c, when the temperature on the
switches reaches the melting temperature of the oligonucleotides for each length, the
fluorescent intensity decreases sharply, indicating that the antisense oligonucleotides
have been released into solution. Using each profile, the energy required to reach each
melting temperature is approximated by E = P ¢, where E is the energy in Jicm?, « is

the absorptivity of gold, P is the power of the laser in W/cm?, and ¢ is the time in
seconds (shown in inset of Fig. 3.2c). Experimental characterization showed that
melting temperatures as low as 50°C required 2 mJ/cm? of energy and temperatures as
high as 70 °C required 5 mJ/cm? of energy. This demonstrates that low temperature
activation can be achieved during illumination.
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Figure 3.2. Experimental characterization of nanoplasmonic gene switches. (a) Tunable rod-shaped
nanoplasmonic gene switches (ie. gold nanorods) based on different aspect ratios. Each solution of
nanoplasmonic gene switches corresponds to a maximum absorbance (left to right): (i) 652nm, (ii) 676
nm, (iii) 694 nm, (iv) 715 nm, (v) 785 nm. (b) Scanning electron microscopy image showing the switches’
aspect ratio (length/diameter) is 3.5. (¢) Melting profiles for three different lengths of oligonucleotides (15
bp, 25 bp, and 50 bp) with known melting temperatures (50°C, 63°C, and 70°C respectively). Antisense
oligonucleotides are FAM-labeled. Temperature is correlated to input energy by analyzing their melting
profiles. (d) Absorption spectrum of tunable rod-shaped nanoplasmonic gene switches based on different
aspect ratios (A.R.): (i) 2.3 A.R.: 652nm, (ii) 2.6 A.R.: 676 nm, (iii) 2.8 A.R.: 694 nm, (iv) 3.0 A.R.: 715 nm
, (v) 3.5 A.R.: 785 nm. (e) Fluorescence versus time plots comparing photothermal dehybridization for a
laser at the peak optical absorption (785 nm) and a laser outside the peak optical absorption (658 nm). (f)
Fluorescence versus time plots comparing photothermal dehybridization for various power densities.
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As a qualitative test of localized photothermal dehybridization, spatially controlled
photothermal dehybridization was performed both outside and inside of living cells. A
NIR laser was focused to a 5 um diameter spot size using an objective lens located
above the sample. Using this focused NIR laser, certain immobilized switches (with
fluorescently-labeled antisense oligonucleotides) were illuminated while other
neighboring switches were not (Fig. 3.3). Upon illumination, the antisense
oligonucleotides were photothermally dehybridized and the fluorescence intensity at the
illuminated switches’ locations vanished (Fig. 3.3b).

d conjugated b fluorescently-tagged
nanoplasmonic antisense DNA
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x |x x x % activation X % % ,x

% /é/ X % x % \Q'@? *
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Figure 3.3. In vitro demonstration of photothermal dehybridization. Fluorescence is from the
TAMRA-labeled antisense strand of the double-stranded oligonucleotides attached to immobilized
nanoparticles on glass. (a) Concept and fluorescent images before illumination. (b) Concept and
fluorescence images after illumination.

Having established that oligonucleotides can be released in a highly-localized
manner, we investigated localized photothermal dehybridization within BT474 breast
carcinoma cells. Switches functionalized with fluorescently-labeled antisense strands
were encapsulated in commercially-available lipid complexes which undergo repulsive
membrane acidolysis in a weakly acidic environment (24, 25). The complexes were then
internalized within a population of cells via endocytosis. Once inside endosomes, the
lipid complexes destabilized due to repulsive electrostatic forces generated in the
weakly acidic endosomal environment, and finally, due to osmotic disruption, the
endosomal membrane was broken. At this point, the functionalized switches were
released into the cytosol. Alternatively, it was also possible that by photothermally
heating switches inside endosomes, the endosomal membrane was disrupted and the
contents were released from the endosomes (26-28). In Fig. 3.4d, the darkfield
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scattering image of single switches is overlaid with a DAPI-stained nuclei image to
demonstrate that single switches congregate in groups at the nuclear membrane. Using
a highly-sensitive monochromatic camera, Fig. 3.4a shows fluorescing functionalized
switches internalized within cells. Because of the diffraction limit, single, closely-
congregated fluorescent switches cannot be distinguished and the switches groups
therefore appear as fluorescent “patches” or spots around the nuclei. A surface plot of
the fluorescent intensity is shown as an inset in Fig. 3.4a to clearly visualize each of the
fluorescent “patches.” Control experiments were carried out to verify that cells lacking
the fluorescently-labeled antisense strands do not show similar fluorescence.

conjugated
a nanoplasmonic C
gene switches activated unactivated

v l

6

released fluorescently-
labeled antisense
oligonucleotides

nuclei

NIR light unactivated

d

darkfield scattering of
nanoplasmonic gene switches

Figure 3.4. Visualization of intracellular photothermal dehybridization. Antisense oligonucleotides
are FAM-labeled. (a) Concept and fluorescence images before illumination. Inset shows surface plot of
fluorescence intensity of a cell (located on the left-hand side) before illumination. (b) Concept and
brightfield image of localized NIR activation. (¢) Concept and fluorescent images after photothermal
dehybridization inside BT474 breast carcinoma cells. Inset shows surface plot of fluorescence intensity of
a cell (located on the left-hand side) after illumination. (d) Darkfield scattering image of single switches is
overlaid with a DAPI-stained nuclei image to demonstrate that single switches congregate in groups at the
nuclear membrane.

To show localized, intracellular photothermal dehybridization, a focused NIR
laser was used to illuminate a specific fluorescent patch within the cells (Fig. 3.4b). To
insure that oligonucleotides were well-dispersed in the cells after photothermal
dehybridization, the illumination time was chosen such that it was longer than the
estimated diffusion time of the oligonucleotides. During illumination, no oligonucleotide
back-binding of released oligonucleotides back onto the switches occurred due to the
elevated temperature at the surface of the switches. The diffusion time was expected to
be approximately 30 s, assuming the diffusion length was approximated by the diameter
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of the cell (10°m) and the diffusion coefficient is 3x10'> m%*s for a 100 bp
oligonucleotide (29). Therefore, the cells were illuminated for 2 minutes at 9 mW/mm? to
allow enough time for oligonucleotides to be well-dispersed in the cytoplasm.

Upon illumination, double-stranded oligonucleotides photothermally dehybridized
and the labeled antisense strands diffused around the cytosol (Fig. 3.4c). A surface plot
of the fluorescence intensity is shown as an inset in Fig. 3.4c to clearly demonstrate the
decrease in intensity at the illuminated location while other surrounding fluorescent
patches remain unaffected. The surface plot in Fig. 3.4c compared with the surface plot
in Fig. 3.4a, shows that at the illuminated patch location, the maximum peak
fluorescence intensity decreases and broadens out as the released fluorescently-
labeled oligonucleotides slowly diffuse into the surrounding cytosol. Control experiments
were carried out to confirm that change in fluorescence was not due to the movement of
the switches themselves during illumination.

After validating steps essential to photothermal dehybridization, on-demand gene
silencing of ERBB2, an oncoprotein commonly overexpressed in 20-30% of breast
cancers (30), was carried out in breast carcinoma cells. As a conventional measure of
gene silencing, a multi-component lipid-based transfection reagent was used to initially
determine the optimal modulation of ERBB2 expression in BT474 breast carcinoma
cells using interfering antisense oligonucleotides. General transfection methods, such
as viral vectors or cationic liposome-mediated transfection, enable DNA to enter cells,
but alone lack the spatiotemporal control of gene silencing. ERBB2 receptors were
stained with fluorescently-labeled antibodies against ERBB2. Flow cytometry results
show that there is no significant change in expression 24 hours after transfection (Fig.
3.5a). However, for 9.0% of transfected cells, the ERBB2 levels dropped below
threshold after 48 hours (Fig. 3.5b).
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Figure 3.5. ERBB2 silencing by conventional transfection. Control cells contain no ERBB2 antisense
DNA while treated cells contain ERBB2 antisense DNA. Flow cytometry used to analyze ERBB2 protein
levels (a) 24 hours after transfection. (b) 48 hours after transfection.

After characterizing the experimental parameters for conventional gene silencing
of ERBB2, on-demand gene silencing of ERBB2 was then conducted. Conjugated
switches were internalized within cultured BT474 breast carcinoma cells. It has been
suggested that there are between 168 and 336 ERBB2 molecules per cell (31). Since
each switch was estimated to release approximately 250 molecules of oligonucleotides,
a difference in expression should be expected since there should be enough released
oligonucleotides to bind with ERBB2 mRNA. To initiate photothermal dehybridization, an
unfocused NIR laser was used to illuminate an entire population of cells. The cells were
then allowed to culture for 48 hours. Three control experiments were conducted to
insure that photothermal dehybridization was the reason for gene silencing:
unilluminated cells with conjugated switches (Fig. 3.6a), illuminated cells lacking
switches (Fig. 3.6b), and illuminated cells with scrambled sequence-conjugated
switches (Fig. 3.6c). On-demand gene silencing of ERBB2 resulted in a decrease in
ERBB2 levels (Fig. 3.6d) while control cells expressed high ERBB2 levels (Fig. 3.6 a-c).
All samples were stained with PE-labeled antibodies against ERBB2 and their
fluorescence was analyzed by flow cytometry. The flow cytometric results (mean g,
coefficient of variation CV, % cells whose protein levels which have dropped below
threshold) for all the samples are summarized in a table in Table 3.1. Table 3.1 shows
that for 13.2% of the illuminated cells containing ERBB2-switches, the protein levels
dropped below threshold. It is especially noteworthy to point out that the average
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ERBB2 protein level of the entire cell population decreased by 55% after on-demand
gene silencing. In Fig. 3.6, the average fluorescence intensity of the control, illuminated
cells lacking switches, is 178.6 a.u. and the average fluorescence intensity of
illuminated cells containing ERBB2-conjugated switches is 79.5 a.u. The average
fluorescence intensity of the control, unilluminated cells containing switches, is 199.4
a.u. To qualitatively visualize ERBB2 silencing, cells were fixed and immunostained with
fluorescently-labeled antibodies against the ERBB2 (Fig. 3.6¢, 3.6d). The decrease in
fluorescence in the cells containing ERBB2-conjugated switches versus the control
sample indicates successful gene silencing of ERBB2 expression.
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Figure 3.6. On-demand gene silencing of ERBB2 using antisense DNA. (a) Concept, flow cytometric
results, and representative image of indirect immunofluorescent staining of ERBB2 after 48 hrs in control
cells which have been treated with conjugated switches but have not been exposed to NIR light. (b)
Concept, flow cytometric results, and representative image of indirect immunofluorescent staining of
ERBB2 after 48 hours in control cells which do not contain conjugated switches but have been exposed to
light. (¢) Concept, flow cytometric results, and representative image of indirect immunofluorescent
staining of ERBB2 in illuminated cells containing switches functionalized with scrambled sequences (d)
Concept, flow cytometric results, and representative image of indirect immunofluorescent staining of
ERBB2 after on-demand gene silencing of ERBB2 in BT474 breast carcinoma cells.
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Sample % cells below | Mean, p| CV
threshold (a.u.) (a.u.)
Control : ERBB2 switches,no NIR light 2.4 199.4 13.72
Control: no switches, NIR light 1.5 178.6 10.8
Control: scrambled-switches, NIR light 2.5 162.2 11.3
ERBB2-switches, NIR light 13.2 79.5 17.18

Table 3.1. Flow cytometry results. Table summarizing flow cytometric results by % of cells whose
protein levels have dropped below threshold, average fluorescence intensity u (a.u.), and coefficient of
variation CV (a.u.).

Finally, viability of cells after illumination is crucial. Calcein AM, a dye which
converts from nonfluorescent cell-permeant calcein AM into fluorescent calcein by
intracellular esterase enzymes in living cells, is used as a measure of cell viability. Flow
cytometry is used to analyze the samples 2 days and 5 days after activation. As a
control for the Calcein AM dye, cells are intentionally killed using sonication and stained
with calcein AM. Two days after activation, cell samples show between 96-99% viability.
Five days after activation, cell samples show between 93-97% viability (Fig. 3.7a).
There is only 2-3% variation in the viability between the control sample which contains
switches but has not been exposed to light, the control sample which does not contain
switches but has been exposed to light, and the illuminated switch-containing sample. A
representative DIC image and fluorescent image (live cells stained with Calcein AM,
dead cells stained with Ethidium homodimer) of the illuminated switch-containing
sample is shown in Fig. 3.7b and 3.7c and confirms the efficacy of this method.

On-demand gene silencing has several key advantages over conventional
methods to silence gene expression. Whereas various methods can interfere with gene
expression within a population of cells, precise control of single cell’s gene expression
in the proximity of neighboring cells is not yet feasible. On-demand gene silencing can
be performed within single cells, enabling future studies in cell-cell communication
between single cells. Furthermore, on-demand gene silencing provides precise
temporal regulation of a single cell's gene expression. Finally, unlike other nanoparticle-
based gene interference methods, on-demand gene silencing can achieve nanometer-
scale spatial resolution while maintaining high cell viability due to the low temperature
mechanism of photothermal dehybridization.

As the flow cytometric results for conventional transfection (Fig. 3.5) and on-
demand gene silencing (Fig. 3.6) indicate, the delivery of oligonucleotides into the cell
with high efficiency remains challenging. It is however conceivable that this limitation
can be overcome. For example, magnetically driven magnetic switches may be used to
penetrate cell membranes with high efficiency (32). Once inside the cells, on-demand
gene silencing can be activated with high efficiency.
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Figure 3.7. Viability after light illumination. (a) Calcein AM, a dye which converts from nonfluorescent
cell-permeant calcein AM into fluorescent calcein by intracellular esterase enzymes in living cells, is used
as a measure of cell viability. Flow cytometry is used to analyze the samples 2 days and 5 days after
activation (b) Representative DIC image of BT474 cells after illumination. (c) Representative fluorescence
image of live/dead cells after illumination. Live cells are stained with Calcein AM (green). Dead cells are
stained with Ethidium homodimer (red).

In summary, nanoplasmonic optical antennae have been designed, which can
silence with gene expression in a single cell for applications requiring nanometer-scale
targeted release and precise temporal control of release. Using this method, it is
possible to gain more control and flexibility in genetics, systems biology, and molecular
cell biology-related studies. Gene silencing can be programmed at a desired phase of a
cell cycle or a certain moment after external growth factor stimulation, making it possible
to study dynamic changes in translational events and gene expression that would
normally be hidden by ensemble averaging of the bulk population response.
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CHAPTER 4:

BIOLOGICALLY FUNCTIONAL CATIONIC
PHOSPHOLIPID-GOLD NANOPLASMONIC
CARRIERS OF RNA

Rod-shaped nanoplasmonic optical antennae (ie. gold nanorods) in the NIR
spectral region, due to their size, core material, and asymmetric geometry, display
unique optical properties that make them attractive candidates for drug delivery (1-4),
gene delivery (5-9), biomedical and molecular imaging (10-13), and therapeutics (14-
22). These unique optical properties have been the main focus of the previous chapters.
Despite these unique optical properties, the combination of three key factors — carrier
functionality, colloidal stability, and cytotoxicity - have hindered the widespread use of
gold rod-shaped nanoplasmonic optical antennae as carriers in biological and
biomedical applications. Therefore, in order to harness the full potential of
nanomaterials in these applications, this chapter focuses on the importance of the
surface coating material surrounding the gold core.

With respect to cytotoxicity, while the gold core is widely accepted as being
biocompatible (18), bare gold nanoparticles are known to interact with proteins and
induce mis-folding at physiological conditions (23). Specifically, in the case of gold
nanorods, the asymmetric geometry is obtained by synthesizing the nanorods in the
presence of a high concentration (> 0.1 M) of cetyltrimethylammonium bromide (CTAB),
a cationic micellar surfactant that associates preferentially with the {110}
crystallographic facet of gold (24). However CTAB is known to degrade biomembranes
and peptides (25), raising significant concern about the cytotoxicity of CTAB-coated
nanorods in vitro and in vivo (25-30). The cytotoxic effects of CTAB-coated nanorods
can be minimized by reducing the CTAB concentration below the critical micellar
concentration (31), but at the expense of the nanorod suspension stability (Fig. 4.1b),
consequently compromising their unique optical properties in biological environments.
Notably, under physiological conditions, aggregation of nanoparticles has been shown
to significantly red-shift and decrease the amplitude of the plasmon resonance band
due to closely interacting nanoparticles (23, 32).

Finally, in order for plasmon-resonant nanorods to function as biological carriers,
biomolecules such as DNA oligonucleotides, RNA oligonucleotides, or short interfering
RNA (siRNA) must be able to adsorb on their surface. Notably, in the case of siRNA,
chemical modifications may affect the functionality and efficacy of siRNA (33, 34).
Therefore, the attachment of siRNA onto the surface of gold nanorods without additional
chemical modifications to the siRNA themselves is highly desirable. Poly(ethylene
glycol) (PEG) has previously been used to modify gold nanorods for in vivo applications
(35-37); however, their ability to maximally carry subsequent biomolecules is limited due
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to the absence of surface charge. Organothiols and polystyrenesulfonate have been
used to coat gold nanorods; however, attachment of nucleic acids has not been
demonstrated (38, 39). Synthetic lipids have also been used to modify gold nanorods
(29, 30, 40); however carrier capabilities and/or biocompatibility have not yet been
addressed. Polyelectrolyte coating schemes have also been to coat gold nanorods (21,
41); however, plasmonic properties under physiological conditions have not yet been
discussed. Alternatively, since cationic lipid formulations have already been optimized
for both in vitro and in vivo gene transfer over the past decade (42, 43) and many
cationic lipid-based gene delivery approaches are currently being tested at the clinical
level (44, 45), validated cationic lipids make ideal candidates for modifying ordinary
nanorods into biologically compatible nanorods that simultaneously satisfy carrier
functionality, colloidal stability, and non-cytotoxicity. The positively charged surface can
be used to adsorb negatively-charged biomolecules such as RNA oligonucleotides,
siRNA, or DNA oligonucleotides (Fig. 4.1a). In addition to carrying siRNA, RNA
oligonucleotides, and DNA oligonucleotides, these carriers can also be used to carry a
variety of other compounds such as proteins and drugs by incorporation into or binding
to the cationic phospholipid membrane (Fig. 4.1a).
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Figure 4.1. Concept of biologically functional cationic phospholipid-gold nanoplasmonic carriers
(bioGNPs). (a) Cationic phospholipid bilayer formed around bioGNPs, which can carry RNA, DNA,
siRNA, proteins, and drugs. (b) When CTAB is reduced below the critical micellar concentration, CTAB-
coated gold nanorods aggregate. Dissociated CTAB raises cytotoxicity concerns since CTAB can
degrade biomembranes. Nontoxic bioGNPs are stable and able to retain their unique optical properties.
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In this chapter, we present biologically functional cationic phospholipid-gold
plasmonic carriers (bioGNPs) that exhibit carrier capabilities, demonstrate improved
colloidal stability, and show no cytotoxicity under physiological conditions. Using an
adaptation of vesicle-to-nanoparticle fusion (40), we exchanged the cytotoxic CTAB
surfactant at the nanorod surface with commercially available cationic phospholipids
successfully used for in vivo studies (46, 47). We first demonstrate that bioGNPs are
stable under physiological conditions thus retaining their unique plasmonic properties.
We then show that the positively charged surface of nanorods can adsorb cargo such
as DNA oligonucleotides, RNA oligonucleotides, or siRNA. We finally demonstrate the
biocompatibility of bioGNPs via viability/cytotoxicity and cell proliferation studies.

Methods

Cell preparation. The human breast carcinoma line MCF-7 was purchased from the
American Type Culture Collection (ATCC). Dulbecco’s modified eagle’s media (DMEM)
was purchased from Invitrogen and was supplemented with 10% heat-inactivated fetal
bovine serum, 0.1% nonessential amino acids, and 1% sodium pyruvate. Cells were
cultured in the supplemented media and maintained in a 37°C incubator with 5% CO,
humidified air.

Synthesis of DNase/RNase-free gold nanorods. Gold nanorods of aspect ratio 3.0
were synthesized by adapting a previously reported seed-mediated growth method (24,
48) to a DNase/RNase-free environment. Hexadecyltrimethylammonium bromide
(CTAB), silver nitrate (AgNO3), L-ascorbic acid, sodium tetrahydroborate (NaBH,), and
hydrogentetrachloroaurate (HAuCls) were purchased from Alfa Aeser. All solutions were
prepared using 0.2 um filtered nuclease-free water. All glassware and metalware were
baked at 240°C for 24 hours to remove exogenous RNase. All pipetting devices and
counter space was treated with 70% ethanol. All disposable plastic pipette tips and
centrifuge tubes were certified to be free of RNase.

To prepare the seed solution, 5 mL of 0.2 M CTAB solution was mixed with 5 mL of
0.0005 M HAUCI,. Ice-cold 0.010 M NaBH4 (0.60 mL) was then added and the solution
was continuously stirred for 2 minutes at room temperature. To prepare the growth
solution, 9.5 mL of 0.1 M CTAB was mixed with 60 uL of 0.10 M AgNOs3, 0.5 mL of 0.01
M HAuCl4, 55 uL of 0.10 M ascorbic acid, and 12 uL of seed solution with continuous
stirring. The gold nanorods were aged overnight at room temperature. At this point, the
CTAB concentration in the gold nanorod solution was approximately 0.1 M. The
nanorod concentration (approximately 30 pg/mL or 7E11 particles/mL) was confirmed
by adjusting to an absorbance of 1 at the longitudinal plasmon resonance wavelength
using UV-VIS spectroscopy. Aspect ratio was determined by scanning electron
microscopy (Hitachi S-4500 FESEM) at 150,000X magnification.

Synthesis of bioGNPs. Commercially available cationic phospholipids Oligofectamine,
Lipofectamine 2000 and sc29528 were purchased from Invitrogen and Santa Cruz
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Biotechnology. Non-ionic surfactant Brij56 was purchased from Fluka and prepared in
nuclease-free water.

To remove excess CTAB surfactant, 500 uL unmodified CTAB-coated nanorods (UV-
VIS absorbance of 1) in 0.1 mM CTAB were centrifuged at 5000 rpm for 10 minutes. A
10 uL pellet was transferred to a new microcentrifuge tube, redispersed in 500 uL of
DEPC-treated water such that the final concentration was approximately 0.1 mM, briefly
vortexed, and sonicated for 1 minute.

To replace CTAB with non-ionic Brij56 surfactant at the nanorod surface, nanorods
were then centrifuged again at 5000 rpm for 10 minutes. A 10 uL pellet was transferred
to a new microcentrifuge tube, resuspended in 500 puL of 0.01 mM Brij56, briefly
vortexed, and sonicated for 1 minute.

To replace Brij56 surfactant with a phospholipid bilayer membrane at the nanorod
surface, the aforementioned procedure was repeated again to resuspend particles in 50
uL of either Oligofectamine, sc29528, or Lipofectamine 2000. Finally, to remove excess
cationic phospholipids in the solution, bioGNPs were washed twice with nuclease-free
water by centrifugation at 5000 rpm for 10 minutes.

Preparation of bioGNP carriers. Phosphorothioate 21-mer RNA oligonucleotides
conjugated to fluorescein (FAM) dye (488 nm excitation, 532 nm emission) were
purchased from Integrated DNA Technologies. The sequence was: 5
GUAGAUUACCACUGGAGUCUU - FAM -3’. Rnase-free 20X Tris-EDTA (TE) buffer
was purchased from Invitrogen and was used to prepare 1X TE buffer solution using
nuclease-free water.

Stock solutions of RNA oligonucleotides were prepared in RNase-free 1X TE buffer. To
500 pL of bioGNPs, 0.25 uL of 100 uM RNA oligonucleotides was added. The solution
was vortexed and allowed to incubate for 1 hour. To remove excess oligonucleotides
from solution, bioGNPs were washed twice with nuclease-free water by centrifugation at
5000 rpm for 10 minutes. After preparation of RNA-bioGNP conjugates, an absorbance
of 0.2 was measured by UV-VIS. By comparing with the original nanorod’s UV-VIS
absorbance of 1, the concentration of bioGNPs was estimated to be approximately 1/5
the original nanorod concentration (approximately 6 pg/mL or 1.4E11 particles/mL).
Since fluorescence quenching by bioGNPs was not observed, bioGNP carriers of
fluorescently-labeled RNA oligonucleotides were finally visualized using fluorescent
microscopy

Dynamic light scattering of bioGNP carriers. DLS data were collected for all
samples using a DynaPro-99-E-15 DLS apparatus from Wyatt Technologies. For each
sample, at least 20 scans were performed, each with a 10 s acquisition time, using a
scattering angle of 90°. Optimem medium was purchased from Invitrogen.
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CTAB-coated nanorods, Brij56-coated nanorods, are bioGNPs were prepared as
described above. DLS measurements were taken of each sample (diluted 1:60 in a
quartz cuvette) as-prepared, after washing twice in nuclease-free water, and after
resuspending in Optimem medium.

Internalization assay of bioGNP carriers. BioGNP carriers of FAM-labeled RNA
oligonucleotides (500 uL) were concentrated into a 5 uL pellet by centrifugation at 5000
rom for 10 minutes. MCF-7 cells were harvested and resuspended in DMEM media to a
concentration of 240,000 cells/mL. To each well of a 6-well plate, 0.5 mL of cell
suspension and 5 uL of concentrated FAM-RNA functionalized bioGNPs were added
(120,000 cells/well). The cells were allowed to incubate for 10 hours. After 10 hours,
cells were carefully washed with 1X phosphate buffered solution (PBS), detached using
0.25% trypsin for 2 minutes, mixed with media 4:1 to deactivate trypsin, collected using
centrifugation (1800 rpm, 4 minutes), and resuspended in 2% paraformaldehyde.
Trypan blue was finally added to the cell suspension at 50% concentration to quench
uninternalized bioGNP carriers.

As a control, surface receptor ERBB2 on ERBB2-positive BT474 cells was labeled with
antibodies conjugated to FITC dye (340553, BD Biosciences). Cells were harvested
using 1 mM EDTA for 10 minutes. Cells were resuspended in surface-staining buffer
containing 0.5% bovine serum albumin (BSA) and 0.1% sodium azide in 1X PBS. 5 uL
of normal mouse 1gG; (18765, Sigma Aldrich) was added and cells were incubated for
15 minutes to prevent non-specific binding of antibodies to Fc receptors. 15 uL of anti-
ERBB2-FITC was added and cells were incubated for 45 minutes at room temperature.
Cells were then washed in surface-staining buffer. Cells were resuspended in 1X PBS
containing 2% paraformaldehyde. Trypan blue was finally added to the cell suspension
at 50% concentration to quench surface receptors labeled with fluorescent antibodies .
LSRII flow cytometer (BD Biosciences) and FlowJo software (Tree Star, Ashland,
Oregon) was used to analyze samples.

Visualization of internalized bioGNP carriers by darkfield light microscopy. 500 uL
of bioGNPs were concentrated into a 5 uL pellet by centrifugation at 5000 rpm for 10
minutes. Sterile and RNase-free glass coverslips were placed into each well of a 6-well
plate. MCF-7 cells were harvested and resuspended in cell culture media to a
concentration of 240,000 cells/mL. To each well, 0.5 mL of cell suspension and 5 uL of
concentrated bioGNPs were added on top of the coverslips (120,000 cells/well). The
cells were allowed to incubate for 10 hours. After 10 hours, 2% paraformaldehyde was
added to each well to fix cells onto the glass coverslips. For visualization purposes, cell
nuclei were stained with DAPI, purchased from Invitrogen, by incubating cells in 300 nM
DAPI to each well for 5 minutes. 1X PBS was then added to each well to wash the cells.
A coverslip containing fix, adhered cells was then placed facedown on a microscope
slide and broadband white light was shined onto the adhered cells from an oblique
angle using a darkfield condenser lens. The scattered light alone was collected using a
microscope objective lens with a numerical aperture (NA) of 0.65 that was smaller than
the NA (1.2-1.4) of the illumination condenser lens.
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Viability/cytotoxicity and proliferation analysis. As a standard, liposomes of known
concentration and of similar size to the commercial phospholipid liposomes were
prepared as previously described*®. Using these liposomes as standards to compare
light intensity measurements, the concentration of the commercial phospholipids was
estimated to 6 mM. As a control, unmodified CTAB-coated nanorods were initially
resuspended in 6 mM CTAB. Then, 500 uL (50 pug/mL) of bioGNPs or unmodified
CTAB-coated nanorods were washed once with nuclease-free water to remove excess
lipids/CTAB and were then concentrated into a 5 uL pellets by centrifugation at 5000
rom for 10 minutes.

MCF-7 cells were harvested and resuspended in cell culture media to a concentration of
240,000 cells/mL. To each well of a 6-well plate, 0.5 mL of cell suspension and 5 uL of
concentrated bioGNPs or unmodified CTAB-coated nanorods were added (120,000
cells/well). The cells were allowed to incubate for 24 hours. After 24 hours, wells
containing cells which were to be analyzed 72 hours and 120 hours later are exchanged
with fresh media. Cells which were to be analyzed after 24 hours were washed with 1X
PBS, detached using 0.25% trypsin for 2 minutes, mixed with media 4:1 to deactivate
trypsin, collected using centrifugation (1800 rpm, 4 minutes), and resuspended in 0.5
mL of 0.125 uM Calcein AM from Invitrogen. Immediately prior to flow cytometric
analysis, 5 uL of Pl from BD Pharmingen was added to stain dead cells for cytotoxicity
analysis. Cells are simultaneously analyzed for viability and cytotoxicity using the LSRII
flow cytometer within 30 minutes. This same viability/cytotoxicity staining procedure was
repeated after 72 hours and 120 hours of incubation. Cell proliferation was assessed by
cell count analysis using a hemocytometer after 120 hours of incubation.

Results and Discussion

Gold nanorod carriers were synthesized by modifying a seed-mediated growth
approach (24, 48) to be free of DNase/RNase contamination. Using dynamic light
scattering (DLS), in Fig. 4.2a and in Table 4.1, the resultant CTAB-coated nanorod
carriers show a size distribution with an average radius of ~15 nm (30 nm diameter).
Since the nanorod’s length was short and the rotational diffusion was therefore rapid,
the nanorod was approximated as a translationally diffusing sphere whose diameter
equaled the length of the nanorod (30 nm). Lengths based on DLS measurements were
in agreement with lengths seen in SEM images (Fig. 4.5a). Since the resultant gold
nanorod carriers were coated with CTAB that yielded a net positive surface charge from
the quaternary ammonium surfactant head group (24), negatively-charged,
fluorescently-conjugated 21-mer RNA oligonucleotides readily attached to the CTAB-
coated nanorod carriers, enabling visualization by fluorescent microscopy (Fig. 4.2b).
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Figure. 4.2. Synthesis of bioGNP carriers. (a) CTAB-coated nanorods prepared by seed-mediated
growth process. Dynamic light scattering (DLS): CTAB-coated nanorod carriers show size distribution with
an average radius of ~15 nm (30 nm diameter). (b) Fluorescent image showing CTAB-coated nanorods
carry negatively-charged, fluorescent FAM-conjugated RNA. (¢) The CTAB surfactant then place-
exchanged with a non-ionic surfactant Brij56 surfactant. Using DLS, brij56-coated nanorods show a size
distribution with an average radius ~50 nm (100 nm length). (d) Fluorescent image showing that brij56-
coated nanorods are resistant to coupling with fluorescently-conjugated RNA oligonucleotides. (e) The
brij56 coating then place-exchanged with cationic phospholipids to form bioGNPs. Using DLS, bioGNPs
show an average radius of ~15 nm (30 nm length) with a narrow size distribution. (f) Fluorescent image
showing bioGNPs carry negatively-charged, fluorescent FAM-conjugated RNA oligonucleotides.

sample Rh (nm) L (nm)
CTAB-coated nanorod 14719 2905+3.8
Oligofectamine-coated bioGNP 142+20 284+40
Lipofectamine-coated bioGNP 146+24 29.2+49
sc29528-coated bioGNP 156317 30.6+3.3

Table 4.1. Hydrodynamic radius R, and rod lengths L. Based on DLS measurements, hydrodynamic
radius Rh and rod lengths L for CTAB-coated nanorods, Oligofectamine-coated bioGNPs, Lipofectamine-
coated bioGNPs, and sc29528-coated bioGNPs are summarized in table format.
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Figure 4.3. Experimental characterization of stability of Oligofectamine-coated bioGNPs, sc29528-
coated bioGNPs, and Lipofectamine2000-coated bioGNPs. (a) DLS size distribution of cationic
phospholipid vesicles (Oligofectamine), DLS size distribution of Oligofectamine-coated bioGNPs, DLS
size distribution of Oligofectamine-coated bioGNPs that have been washed 2X and resuspended in water,
and DLS size distribution of Oligofectamine-coated bioGNPs that have been resuspended cell culture
media. (b) DLS size distribution of cationic phospholipid vesicles (sc29528), DLS size distribution of
sc29528-coated bioGNPs, DLS size distribution of sc29528-coated bioGNPs that have been washed 2X
and resuspended in water, and DLS size distribution of sc29528-coated bioGNPs that have been
resuspended cell culture media. (¢) DLS size distribution of cationic phospholipid vesicles
(Lipofectamine2000), DLS size distribution of Lipofectamine2000-coated bioGNPs, DLS size distribution
of Lipofectamine2000-coated bioGNPs that have been washed 2X and resuspended in water, and DLS
size distribution of Lipofectamine2000-coated bioGNPs that have been resuspended cell culture media.

The first stage in demonstrating stable bioGNPs was place-exchanging CTAB
with cationic phospholipids vesicles at the nanorod surface by using a vesicle-to-
nanorod fusion approach. Excess CTAB surfactant was first removed from the CTAB-
coated nanorod solution to yield a final CTAB concentration was approximately 0.1 mM.
These CTAB-coated nanorods were then dispersed in various commercially available
liposome formulations in approximately <50 fold excess. The phospholipid bilayer
coating at the nanorods’ surface readily replaced the CTAB surfactant. The formation of
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phospholipid bilayer coatings on gold nanorods and simultaneous loss of surfactant
coatings been previously determined by NMR and FTIR spectroscopy and zeta potential
measurements (40).

An alternative route to phospholipid-coated nanorods was to first place-
exchanged the CTAB surfactant with the non-ionic surfactant Brij56, followed by place-
exchange with cationic phospholipid vesicles. Since CTAB removal from the nanorods
is essential to minimize cytotoxicity and to eliminate any electrostatic contribution, the
latter procedure was developed since it is known that CTAB is capable of inserting itself
into lipid bilayers (49). Therefore, all the results henceforth describe the Brij56-to-
phospholipid exchange process for coating gold nanorods with a phospholipid bilayer. In
Fig. 4.2c, Brij56-coated nanorods show a size distribution with an average radius ~50
nm (100 nm length). The narrow width of the size distribution suggests that Brij56-
coated nanorods were stable and with no observed aggregation over a period of weeks.
As seen in the fluorescent image of Fig. 4.2d, the Brij56-coated nanorods were resistant
to coupling with fluorescently-conjugated RNA oligonucleotides. The Brij56 coating was
then place-exchanged with various commercially-available cationic phospholipids to
form bioGNPs by simply exposing surfactant-coated gold nanorods with cationic
phospholipid vesicles. BioGNPs show an average radius of ~15 nm (30 nm length) with
a narrow size distribution (Fig. 4.2e, Fig. 4.3, and Table 4.1). The smaller average
lengths suggest that the phospholipid bilayer did not layer on top of the Brij56 coating,
but instead successfully place-exchanged with the Brij56 at the bioGNPs’ surface.
Furthermore, negatively-charged, fluorescently-conjugated RNA oligonucleotides readily
attach to the bioGNP carriers, strongly suggesting that the non-ionic surfactant was
successfully place-exchanged by a positively-charged phopholipid bilayer (Fig. 4.2f).

Having established that the CTAB coating can be place-exchanged with a
cationic phospholipid membrane, the stability of bioGNPs was then studied and
compared against the stability of the CTAB-coated nanorods under biological conditions.
CTAB-coated nanorods, which were washed twice and resuspended in nuclease-free
water, showed an average radius of ~15 nm (30 nm length) with a broad distribution in
Figure 4.4c. The twice-washed CTAB-coated nanorods showed a slightly wider size
distribution compared to as-prepared CTAB-coated nanorods in 0.1 M CTAB solution
(Fig. 4.4b), suggesting the onset of aggregation. After resuspending the twice-washed
CTAB-coated particles in cell culture media, further broadening was seen of the size
distribution centered at radius of 60 nm, suggesting that particles were highly unstable
in culture media (Fig. 4.4d). In comparison, bioGNPs which were washed twice and
resuspended in nuclease-free water were highly stable (Fig. 4.4g). When resuspended
in cell culture media, bioGNPs continue to exhibit a narrow size distribution (Fig. 4.4h
and Fig. 4.3), thus affirming their excellent stability under biological conditions.
Furthermore, optical properties were confirmed using UV-VIS spectroscopy. BioGNPs
were suspended in water and were compared to bioGNPs suspended in cell culture
media by UV-VIS spectroscopy in Figure 4.5a. BioGNPs suspended in cell culture
media continue to display a large absorption cross-section and a narrow spectral width
of the longitudinal plasmon resonance band, thus confirming bioGNPs’ excellent
stability under biological conditions.
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Figure 4.4. Experimental characterization of bioGNP stability. (a) DLS size distribution of CTAB
micelles, (b) DLS size distribution of CTAB-coated nanorods, (¢) DLS size distribution of CTAB-coated
nanorods that have been washed 2X and resuspended in water, (d) DLS size distribution of CTAB-coated
nanorods that have been resuspended cell culture media, (e) DLS size distribution of cationic
phospholipid vesicles (sc-29528), (f) DLS size distribution of bioGNPs, (g) DLS size distribution of
bioGNPs that have been washed 2X and resuspended in water, (h) DLS size distribution of bioGNPs that
have been resuspended cell culture media.

Having confirmed bioGNPs’ stability, we then investigated the internalization of
bioGNPs into human cells. Net-positively charged bioGNPs were endocytosed by MCF-
7 human breast carcinoma cells by incubation for 10 hours. To visualize internalized
bioGNPs, the cells were then illuminated with unpolarized white light from an oblique
angle using a darkfield condenser lens, and scattered light was collected using a
transmission-mode darkfield microscope (Fig. 4.5b). To locate cells’ nuclei, darkfield
scattering images were overlaid with DAPI-stained images. It is clearly evident from Fig.
4.5b that scattered light from cells containing bioGNPs are easily differentiated from
cells lacking bioGNPs.
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To further confirm that bioGNPs were in fact internalized within cells and not
externally adsorbed onto the cells’ surface, MCF-7 cells were first exposed for 10 hours
to bioGNP carriers of fluorescently-labeled RNA oligonucleotides. Uninternalized
carriers were then rendered non-fluorescent by using trypan blue as a quencher. Since
trypan blue absorbs light between 475 and 675 nm (50), the emission of fluorescent
dyes within this wavelength range are quenched in the presence of trypan blue. If
bioGNP carriers of FAM-labeled RNA oligonucleotides (excitation 495 nm, emission 520
nm) are indeed internalized within cells, it is expected that their fluorescence should
remain unquenched when cells are resuspended in trypan blue. Flow cytometry results
displayed in Fig. 4.5 confirm that the majority of the bioGNP carriers of FAM-labeled
RNA oligonucleotides remained fluorescent within the protective confines of intact cell
membranes. In contrast, as a control, surface receptor ERBB2 (also known as HER-2,
neu, and EGFR-2) on ERBB2-positive BT474 breast carcinoma cells were labeled with
antibodies conjugated to FITC dye (excitation 488 nm, emission 532 nm). To inhibit
internalization by receptor-mediated endocytosis, FITC-conjugated antibodies were
bound in the presence of sodium azide. Flow cytometry results in Figure 4.5d show that
surface-bound FITC on control cells was efficiently quenched in the presence of trypan
blue.
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Figure 4.5. Experimental characterization and internalization of bioGNP carriers. (a) UV-VIS
absorbance spectra of bioGNPs suspended in water (solid line), UV-VIS absorbance spectra of bioGNPs
suspended in media (dash line), and scanning electron microscopy image of bioGNPs, (b) Schematic of
microscope setup, darkfield scattering image of a cell without bioGNPs overlaid with DAPI-stained nuclei
image, and darkfield scattering image of a cell containing single bioGNPs overlaid with DAPI-stained
nuclei image. (c) concept of internalization assay where uninternalized fluorescent material (ie. FITC
conjugated ERBB2 antibody) is quenched by trypan blue and internalized fluorescent material (ie.
bioGNP carriers of FAM conjugated RNA oligonucleotides) remains unquenched by trypan blue. (d) flow
cytometric comparison of MCF-7 cells containing unquenched bioGNP carriers of fluorescently-labeled
RNA oligonucleotides and quenched surface-labeled antibodies (FITC conjugated) recognizing ERBB2
surface receptor on ERBB2-positive BT474 cells. Green solid line represents cells containing bioGNP
carriers of fluorescently-labeled RNA oligonucleotides in the absence of trypan blue quencher. Green
dotted line represents cells containing unquenched bioGNP carriers of fluorescently-labeled RNA
oligonucleotides in the presence of trypan blue quencher. Blue solid line represents cells that are surface-
labeled with fluorescent antibodies in the absence of trypan blue quencher. Blue dotted line represents
cells that are quenched surface-labeled with fluorescent antibodies in the presence of trypan blue
quencher. Grey solid line represents negative control cells.

Finally, the biocompatibility of bioGNPs was investigated and compared against
unmodified CTAB-coated nanorods by conducting a long term viability/cytoxicity and
proliferation studies in MCF-7 cells. Viability/cytotoxicity was conducted using a two-
color fluorescence assay to simultaneously determine numbers of live and dead cells.
Calcein AM - a dye which converts from nonfluorescent cell-permeant calcein AM into
fluorescent cell-impermeant calcein by intracellular esterase enzymes in living cells -
was used as a measure of cell viability. Propidium iodide (PI) - a dye that enters through
permeabilized membranes of compromised cells - was used as a measure of cell
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cytotoxicity. The concentration of commercial cationic phospholipids was estimated to
be approximately 6 mM based on DLS comparison of standards of known concentration.
Unmodified CTAB-coated nanorods were therefore initially resuspended in 6 mM CTAB
to obtain comparable results. Unmodified CTAB-coated nanorods and bioGNPs were
then washed with nuclease-free water to remove excess lipids/CTAB and resuspended
in cell culture media. Based on DLS measurements, bioGNPs were highly stable while
unmodified CTAB-coated nanorods were only moderately stable in cell culture media. In
order to retain unique optical properties of stable nanoparticles, further washing was
avoided since twice-washed CTAB-coated nanorods tend to strongly aggregate in cell
culture media as seen in DLS measurements in Fig. 4.4d. After 72 hours and 120 hours
of incubation, based on flow cytometric data, viability (Fig. 4.7a) and cytotoxicity (Fig.
4.7b) of cells containing bioGNPs were statistically significant from cells containing
unmodified CTAB-coated nanorods (graphs constructed from flow cytometry data in Fig.
4.6). It is apparent that cells containing bioGNPs are viable whereas cells containing
CTAB-coated nanorods are compromised. Clearly, bioGNP carriers are a superior
alternative to unmodified CTAB-coated nanorods for biological studies.

Cell proliferation was also assessed by cell count analysis after 120 hours of
incubation with and without bioGNPs. Based on cell count analysis, doubling times were
then determined for bioGNP-containing samples and compared to an untreated control
sample. Doubling time of 55 hours for the untreated control sample was in agreement
with doubling times previously reported in literature for MCF-7 cells (51). Cells
containing bioGNPs exhibited approximately similar doubling times as the untreated
control sample (Fig. 4.7c), verifying that incubation with bioGNPs did not adversely
affect proliferation of MCF-7 cells.

While in vitro experiments were successfully demonstrated here, developing
bioGNP carriers for use in vivo mammalian and non-mammalian model systems is
anticipated. BioGNP carriers can be coated with cationic phospholipid formulations
specifically optimized for biodistribution in vivo. In addition to carrying siRNA, RNA
oligonucleotides, and DNA oligonucleotides for gene delivery applications, bioGNPs can
also be used to carry a variety of other compounds such as proteins and drugs for in
vivo applications.
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Flow cytometric results of viability and cytotoxicity using
Calcein AM and Propidium lodide after 24 hrs, 72hrs, and 120 hrs incubation with nothing, CTAB-coated
nanorods, Oligofectamine-coated bioGNPs, sc29528-coated bioGNPs, and Lipofectamine2000-coated
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Figure 4.7. Biocompatibility analysis of bioGNPs. (a) Viability analysis - flow cytometric results of
viability using Calcein AM after 24 hrs, 72hrs, and 120 hrs incubation with nothing, CTAB-coated
nanorods, Oligofectamine-coated bioGNPs, sc29528-coated bioGNPs, and Lipofectamine2000-coated
bioGNPs, (b) Cytotoxicity analysis — flow cytometric results of cytotoxcity using Pl after 24 hrs, 72hrs, and
120 hrs incubation with nothing, CTAB-coated nanorods, Oligofectamine-coated bioGNPs, sc29528-
coated bioGNPs, and Lipofectamine2000-coated bioGNPs, (c) Proliferation analysis - table summarizing
initial cell count (Niyia), final cell count after 120 hrs (Njsna), and calculated doubling times for cells
containing nothing, Oligofectamine-coated bioGNPs, sc29528-coated bioGNPs, and Lipofectamine2000-
coated bioGNPs.

In closing, biologically functional phospholipid-gold plasmonic bioGNP carriers
have been designed that exhibit carrier capabilities, demonstrate improved nanoparticle
stability, and show no cytotoxicity under physiological conditions. Successful
demonstration of these advantages has been shown here using mammalian cell lines.
In addition to these advantages, since bioGNPs are able to retain their unique optical
properties under physiological conditions, bioGNPs should be particularly useful in a
wide range of applications that utilize selective nanoplasmonic properties. BioGNPs are
therefore expected to have important implications in advancing drug delivery, gene
delivery, biomedical and molecular imaging, and therapeutics.
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CHAPTER 5:
NANOPLASMONICS-ENABLED ON-DEMAND GENE
SILENCING: RNAI APPROACH

RNA interference (RNAI) is an alternative method to the antisense DNA strategy
to silence genes with sequence-specificity. Short interfering RNA (siRNA) are short
double-stranded RNA sequences (~21 bp) that are capable of inducing silencing effects
through the RNAI pathway. Similar its antisense DNA predecessor, siRNA also enables
direct, sequence-specific silencing of genes, but also alone, lacks the temporal control
necessary for precise manipulation. To meet these needs, nanoplasmonic optical
antennae, utilized as nanoplasmonic gene switches, are specifically designed to be
compatible with and capable of carrying siRNA, thereby combining the benefits of
sequence-specificity with spatiotemporal manipulation and enabling on-demand gene
silencing of endogenous intracellular genes by siRNA.

To enable on-demand control, siRNA duplexes are electrostatically attached to
the cationic phospholipid bilayer of the nanoplasmonic gene switch (Fig. 5.1a). While
siRNA duplexes are attached to nanoplasmonic gene switches, their interfering
functionality is inactivated. Using light illumination as a remote trigger to destabilize the
electrostatic interaction, siRNA duplexes are released and their functionality is
“activated” (Fig 5.1b).

In this chapter, on-demand gene silencing of endogenous intracellular genes is
demonstrated using siRNA. siRNA also signals the degradation of specifically targeted
mRNA; however, degradation is through a different mechanism compared to antisense
DNA. Here, siRNA duplexes are electrostatically attached to cationic phospholipid-gold
nanoplasmonic gene switches and internalized in living cells (Fig. 5.1c). In the presence
of continuous-wave illumination, the electrostatic interaction is destabilized and siRNA
duplexes are released into the cytosol. The unbound siRNA duplexes sequentially
trigger cytosolic RNA-inducing silencing complex (RISC) to unwind the duplexes, bind to
complementary mature mRNA, and silence gene expression (Fig. 5.1c). Since key
components of RISC have been discovered in both the nucleus and cytosol (1), another
model (2) suggests that unbound siRNA duplexes transport to the nucleus. In the
nucleus, siRNA duplexes trigger RISC to unwind the duplexes, bind to premature
mRNA, and silence gene expression (Fig. 5.1d). Other models (2) also propose that
RISC actively transports siRNA duplexes from the cytosol to the nucleus for degradation.
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Figure 5.1. Nanoplasmonics-enabled on-demand gene silencing using siRNA. (a) siRNA duplexes
electrostatically attached to the cationic phospholipid bilayer of the nanoplasmonic gene switch. (b) In the
presence of continuous-wave illumination, the electrostatic interaction is destabilized and siRNA is
released. (¢) On-demand gene silencing using siRNA: Step 1 - siRNA duplexes electrostatically attached
to nanoplasmonic gene switches and internalized in cells. Step 2 - in the presence of illumination, the
electrostatic interaction is destabilized and siRNA is released. Step 3 - unbound siRNA triggers cytosolic
RISC to unwind the duplex. Step 4 - cytosolic RISC binds single-stranded RNA to its complementary
MRNA. Step 5 - gene-of-interest is silenced. (d) Alternative model: Step 1 and step 2 are the same. Step
3 unbound siRNA transports to the nucleus, where it is recognized and unwound by nuclear RISC. Step 4
- nuclear RISC binds single-stranded RNA to its complementary mRNA. Step 5 - gene-of-interest is
silenced.
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Methods

Synthesis of RNase-free CTAB-coated gold nanorods. Rnase-free gold nanorods of
aspect ratios 2.5 and 4.0 were synthesized using a previously-reported RNase-free
adaptation (3) of a seed-mediated growth method (4, 5). The asymmetric geometry
resulted from synthesizing the nanorods in the presence of cetyltrimethylammonium
bromide (CTAB). The concentration of CTAB-coated nanorods was confirmed by
adjusting to an absorbance of 1 at the longitudinal plasmon resonance wavelength
using UV-VIS spectroscopy (8453, Hewlett Packard). Aspect ratios were determined by
scanning electron microscopy (Hitachi S-4500 FESEM) at 150,000X magnification.
RNase activity in the supernatant solution was detected using an RNase activity kit
(AM1964, Ambion) and was quantitatively measured over time using a fluorometer
(Fluoromax-3, Horiba Jobin Yvon).

Synthesis of siRNA-conjugated nanoplasmonic gene switches. Commercially-
available cationic phospholipid Oligofectamine was purchased from Invitrogen. 21-mer
siRNA conjugated to fluorescein (FAM) dye (495 nm excitation, 520 nm emission) were
purchased from Integrated DNA Technologies. 21-mer scrambled siRNA was
purchased from Dharmacon. 21-mer siRNA targeted to IkB was purchased from
Qiagen.

Firstly, the CTAB surfactant at the nanorod surface was exchanged with a cationic
phospholipid bilayer to form biologically functional cationic phospholipids-gold
nanoplasmonic carriers (bioGNPs). BioGNPs were synthesized and characterized as
previously described (3). Here, bioGNPs are used as nanoplasmonic switches. In
summary, to remove excess CTAB surfactant, 500 uL unmodified CTAB-coated
nanorods (UV-VIS absorbance of 1) were centrifuged at 5000 rpm for 10 minutes. A 10
uL pellet was transferred to a new microcentrifuge tube, redispersed in 500 uL of
nuclease-free water, briefly vortexed, and sonicated for 1 minute. To replace CTAB
surfactant with a phospholipid bilayer membrane at the nanorod surface, nanorods were
then centrifuged again at 5000 rpm for 10 minutes. A 10 uL pellet was transferred to a
new microcentrifuge tube, resuspended in 50 puL of Oligofectamine, briefly vortexed, and
sonicated for 1 minute.

After the CTAB coating was replaced with a cationic phospholipid coating, siRNA was
then conjugated to the bioGNPs. To 500 pL of bioGNPs, 2 uL of 100 uM RNA siRNA
was added. The solution was vortexed and allowed to incubate for 30 minutes. To
remove excess SiRNA from solution, bioGNPs were washed with nuclease-free water
by centrifugation at 5000 rpm for 10 minutes and finally resuspended in 500 uL of
nuclease-free water.

After preparation of sSiRNA-bioGNP conjugates, an absorbance of 0.2 was measured by
UV-VIS (8453, Hewlett Packard). By comparing with the original nanorod's UV-VIS
absorbance of 1, the concentration of bioGNPs was estimated to be approximately 1/5
the original nanorod concentration (approximately 6 pg/mL or 1.4E11 particles/mL).
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For characterization of internalized siRNA-bioGNP conjugates, varying concentrations
of approximately 3E11 particles/mL, 4E11 particles/mL, or 7E11 particles/mL (based on
UV-VIS measurements) were used.

Thermal liberation of siRNA from nanoplasmonic gene switches. To each separate
cell of an 8-cell micro sample holder (208-92086, Shimadzhu), 50 uL of siRNA-
conjugated nanoplasmonic switches or unconjugated nanoplasmonic switches were
added. Samples were simultaneously heated from 20°C to 70°C (10°C increment, 5
minutes) using a temperature-controlled UV-VIS spectrometer (2501, Shimadzhu).
Absorbance spectra were collected for each sample at each temperature increment.

Cell preparation. The human cervical carcinoma cell line HeLa was purchased from
the American Type Culture Collection (ATCC). Dulbecco’s modified eagle’s media
(DMEM) formulated with high glucose and GlutaMAX was purchased from Invitrogen
and was supplemented with 10% heat-inactivated fetal bovine serum. Unless specified
otherwise, cells were seeded at an initial concentration of 20,000 cells/well in a 96-well
plate, cultured in the supplemented media, and maintained in a 37 °C incubator with 5%
CO2 humidified air.

Internalization of nanoplasmonic gene switches. The siRNA-conjugated bioGNPs
were coated with cationic phospholipids for optimal internalization. Firstly, 1000 uL of
siRNA-conjugated bioGNPs were concentrated into a 10 uL pellet by centrifugation at
5000 rpm for 20 minutes. The pellet was transferred to a new microcentrifuge tube and
then resuspended in 25 pL of Oligofectamine. The solution was vortexed and allowed to
incubate for 20 minutes. For higher concentrations of conjugates, the multiple tubes of
conjugates were prepared the same as described above. After 20 minutes, 175 uL of
nuclease-free water was added to each tube to dilute the concentration of free cationic
phospholipids in solution. If there were multiple tubes, the tubes were then combined
into a single tube. The conjugates were concentrated into a 0.5 pL pellet by
centrifugation.

HelLa cells were washed once with Optimem media. The concentrated pellet was
resuspended in 100 uL of Optimem media, gently mixed, and added to each well of the
96-well plate. The cells were allowed to incubate for 4 hours at 37°C.

Visualization of internalized nanoplasmonic gene switches by darkfield light
microscopy. A 10% paraformaldehyde aqueous solution (15712-S) was purchased
from Electron Microscopy Sciences and was used to prepare 4% stock solutions using
1X PBS. DAPI (D-1306) was purchased from Invitrogen.

For visualization purposes, HelLa cells were seeded onto 12 mm gridded glass
coverslips (72265-12, Electron Microscopy Sciences) at 30,000 cells/well in a 24-well
plate. Nanoplasmonic switches were internalized as described above. After
internalization, cells were fixed by incubating cells with 2% paraformaldehyde per well
for 10 minutes. Cell nuclei were stained with DAPI by incubating cells in 300 nM DAPI
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per well for 5 minutes. 1X PBS was used to twice-wash the cells. The coverslip
containing fix, adhered cells was then placed facedown and adhered to a microscope
slide. Cells were located using the grids imprinted on the coverslips.

Darkfield scattering was visualized using an inverted microscope (Axiovert, Zeiss) at
40X magnification. Broadband white light was shined onto the adhered cells from an
oblique angle using a darkfield condenser lens. The scattered light alone was collected
using a microscope objective lens with a numerical aperture (NA) of 0.65 that was
smaller than the NA (1.2-1.4) of the illumination condenser lens. DIC and DAPI were
visualized using an upright fluorescence microscope (Axio Imager, Zeiss) at 40X
magnification.

Conventional lipofection of siRNA. Optimem reduced-serum media and
Lipofectamine 2000 were purchased from Invitrogen. 21-mer siRNA targeted to IkB was
purchased from Qiagen.

Conventional lipofection of siRNA was carried out according to manufacturer’s
instructions. Briefly, HeLa cells were washed once with Optimem media. Cells were
then incubated with 25 nM siRNA in Optimem media for 6 hours. After 6 hours, the
media was replaced with fresh supplemented DMEM culture media. Cells were allowed
to incubate for an additional 72 hours at 37°C.

For characterization of internalized siRNA, cells were incubated with 0 nM, 50 nM, 100
nM, or 200 nM siRNA in Optimem media for 6 hours. After 6 hours, the media was
replaced with fresh supplemented DMEM culture media. Cells were allowed to incubate
for an additional 72 hours at 37 °C.

On-demand gene silencing. After internalization of nanoplasmonic gene switches for 4
hours, the media was replaced with fresh supplemented DMEM culture media. The 96-
well plate was placed in a CO,-filled, sealed container, containing a high transmission
glass window (NT45-661) purchased from Edmund Optics. Wells were illuminated from
a top with 50 mW of 785 nm CW diode laser from Newport Corp. with a spot size of 2
mm (one quadrant of a well in a 96-well plate) for 15 minutes. After illumination, cells
were allowed to incubate for an additional 72 hours at 37°C.

Direct immunostaining and flow cytometry analysis. Fluorescently-labeled
antibodies recognizing IkB (sc-1643-AF488) were purchased from Santa Cruz
Biotechnologies. Fluorescently-labeled normal mouse isotype antibodies (sc-3890) were
also purchased from Santa Cruz Biotechnologies and were used as the negative
control. Permeabilization buffer was prepared by adding 0.1% (w/v) saponin, 0.3% (w/v)
Triton-X, and 0.1% (w/v) NaN3 to Hank’s Balanced Salt Solution (Invitrogen).

Cells were harvested, resuspended in 250 uL of 1X PBS, and fixed with 250 uL of 4%

paraformaldehyde for 10 minutes. After 10 minutes, excess paraformaldehyde was

removed by centrifuging and resuspending cells in 400 puL of permeabilization buffer

(repeated twice). Cells were then counted to ensure all samples contained the same
61



number of cells prior to immunostaining. For 50,000 cells, 10 uL of antibody or isotype
antibody were added. Cells were gently mixed and incubated at room temperature for
45 minutes. After 45 minutes, excess antibodies were removed by centrifuging and
resuspending cells in 400 uL of permeabilization buffer. To remove permeabilization
buffer, cells were finally centrifuged and resuspended in 500 uL of 1X PBS. LSRII flow
cytometer (BD Biosciences) and FlowJo software (Tree Star, Ashland, Oregon) were
used to analyze samples.

Results and Discussion

Gold nanorods were synthesized by modifying a seed-mediated growth approach
(4, 5) to be free of RNase contamination (3). The resultant CTAB-coated gold nanorods
were ensured to be free of RNases by detecting RNase activity over time (Fig. 5.2).
Using an adaptation of vesicle-to-nanoparticle fusion, the cytotoxic CTAB at the
nanorods’ surface was then place-exchanged with biocompatible cationic phospholipids
to form biologically functional cationic phospholipid-gold nanoplasmonic carriers
(bioGNPs) (3) as described in Chapter 4. Negatively charged siRNA readily attached to
the bioGNPs.
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Figure 5.2. RNase-free characterization of gold nanorods. No RNase activity detected over time
compared to the positive control.

The first step in demonstrating bioGNPs as nanoplasmonic gene switches was
demonstrating the controlled thermal liberation of siRNA from the bioGNPs’ surface. If
siRNA dissociates from the cationic phospholipid bilayer at elevated temperatures, this
unbinding event should change the dielectric constant of the medium locally
surrounding the bioGNPs and therefore result in an observable shift in bioGNPs’
longitudinal plasmon resonance wavelength (6, 7). A UV-VIS spectrometer containing a
thermal-jacketed cell was used to evaluate the temperature-dependent absorbance of
the bioGNP-containing solutions. Control bioGNPs without siRNA showed no shift in the
longitudinal plasmon resonance wavelength at elevated temperatures (Fig. 5.3b),
indicating that the phospholipid bilayer remained stable at elevated temperatures. In
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contrast, siRNA-bioGNP conjugates showed a marked blue-shift in the longitudinal
plasmon resonance wavelength at elevated temperatures due to the dissociation of
siRNA from the bioGNPs’ surface (Fig. 5.3a). Additionally, Figure 5.3c shows that the
longitudinal plasmon resonance wavelength of the siRNA-bioGNPs blue-shifts with
incrementing temperature until it eventually matches the longitudinal plasmon
resonance wavelength of the control bioGNPs, strongly suggesting the complete
dissociation of siRNA from the intact phospholipid bilayer at 70°C.
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Figure 5.3. Thermal release of siRNA from bioGNPs. (a) UV-VIS spectra of siRNA-bioGNPs as
temperature increased from 20° to 70°C. (b) UV-VIS spectra of control bioGNPs as temperature

increased from 20° to 70°C. (c¢) Longitudinal plasmon resonance wavelength of bioGNPs and siRNA-
bioGNPs as a function of temperature.

Having established that siRNA can be thermally dissociated from the cationic
phospholipid bilayer, the controlled photothermal dissociation of siRNA was
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investigated. Here, bioGNPs are demonstrated as nanoplasmonic gene switches.
Fluorescently-labeled FAM-siRNAs were bound to nanoplasmonic gene switches and
unbound FAM-siRNAs were then removed from the background solution by
centrifugation. Light with wavelength 785 nm was used to illuminate nanoplasmonic
gene switches. Under illumination, the bound FAM-siRNAs were released from these
matching nanoplasmonic gene switches (Fig. 5.4) into solution and the fluorescent
intensity was measured. A statistically significant increase in the fluorescent intensity
was seen when these nanoplasmonic gene switches with a longitudinal plasmon
resonance wavelength of 785 nm (Fig. 5.4b). In sharp contrast, no increase in
fluorescent intensity was observed when mismatching nanoplasmonic gene switches
with a longitudinal plasmon resonance wavelength of 660 nm, were illuminated with 785
nm light (Fig. 5.4b), confirming that FAM-siRNA remained attached to these
mismatching nanoplasmonic gene switches.
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Figure 5.4. Photothermal release of siRNA from nanoplasmonic gene switches. (a) FAM-siRNA
conjugated switches with longitudinal plasmon resonance 785 nm are illuminated with 785 nm light.
siRNA is released. FAM-siRNA conjugated switches with longitudinal plasmon resonance 660 nm are
illuminated with 785 nm light. No siRNA is released. (b) Graph of fluorescence versus light energy
indicating photothermal release of FAM-labeled siRNA into solution.

Nanoplasmonic gene switches were then internalized in HeLa human cervical
cancer cells. To visualize internalized nanoplasmonic gene switches, the cells were
illuminated with unpolarized white light from an oblique angle using a darkfield
condenser lens, and scattered light was collected using a transmission-mode darkfield
microscope (Fig. 5.5). To locate cells’ boundaries and nuclei, DIC images were overlaid
with DAPI-stained images and placed adjacent to darkfield scattering images. It is
clearly evident from Figure 5.5 that scattered light from cells containing nanoplasmonic
gene switches (Fig. 5.5b) is easily differentiated from cells lacking nanoplasmonic gene
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switches (Fig. 5.5a). Long-term viability/cytotoxicity and proliferation studies were
conducted in Chapter 4 to ensure that internalized nanoplasmonic gene switches
caused no adverse effects on cell behavior.
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Figure 5.5. Visualization of internalized nanoplasmonic gene switches. (a) Darkfield scattering image
of a HelLa cell without nanoplasmonic gene switches. DAPI-stained nuclei image overlaid with DIC image.
(b) Darkfield scattering image of a HelLa cell containing nanoplasmonic gene switches. DAPI-stained
nuclei image overlaid with DIC image.

To estimate the amount of internalized siRNA-conjugated nanoplasmonic gene
switches, fluorescently-labeled FAM-siRNA were bound to nanoplasmonic gene
switches and unbound FAM-siRNA were then removed from the background solution by
centrifugation. Known concentrations of FAM-siRNA conjugated nanoplasmonic gene
switches (7E11, 4E11, and 3E11 particles/mL based on UV-VIS measurements) were
incubated with HelLa cells. Cells should internalize more nanoplasmonic switches in the
presence of increasing concentrations. Fluorescent intensities of individual cells were
then measured by flow cytometry (Fig. 5.6b) and a standard concentration curve of
internalized FAM-siRNA conjugated nanoplasmonic switches was constructed (Fig.
5.6a). Fluorescence quenching by bioGNPs was not observed (3). To correlate the
fluorescent intensities of the internalized FAM-siRNA conjugated nanoplasmonic gene
switches to the amount of internalized FAM-siRNA, control cells were incubated with
known concentrations of FAM-siRNA (50 nM, 100 nM, and 200 nM) for 5 hours. A
standard concentration curve of internalized FAM-siRNA was then constructed based
on flow cytometry analysis (Fig. 5.6a). These standard curves were later utilized to
estimate the concentration of siRNA-conjugated nanoplasmonic switches necessary for
gene silencing.

65



— FAM-siRNA 200 nM b —— 7E11 FAM-siRNA-switch/mL
a — FAM-siRNA 100 nM ——4E11 FAM-siRNA-switch/mL
—— FAM-siRNA 50 nM —— 3E11 FAM-siRNA-switch/mL
---- FAM-siRNA O nM ———— 0 FAM-siRNA-SWiItCh/mL
= 250 \V4
300 | \ 200 L Y4
— - !q_J
3 £
€ 200 g150
2 S
= 3100
8100 | © .
] - i 1
0 =TT 1\ rre asa) T O T T T T
0 1 2 3 0 1 2
10 10 10 10 10 10 10
FAM-siRNA FAM-siRNA-switch
fluorescent intensity fluorescent intensity
()] —
g 120/ 3 40
S ~ S22
) 2% 30
o~ @© ; C
S T 80; 7S
= = < C
< 2 Z q 20
Z o Y ©
o~ = Q 10
2 <8
w 0 : : , , : S ova : : :
0O 20 40 60 80 100 0 2x10" 4x10" 6x10" 8x10"
FAM-siRNA concentration (nM) FAM-siRNA-switch concentration (switch/mL)

Figure 5.6. Characterization of intracellular siRNA and siRNA-switch. (a) Flow cytometry analysis of
Hela cells incubated with 0, 50, 100, and 200 nM of FAM-labeled siRNA. (b) Flow cytometry analysis of
Hela cells incubated with 0, 3E11, 4E11, and 7E11 FAM-labeled siRNA-switches.

After characterizing the internalization of siRNA-conjugated nanoplasmonic gene
switches, on-demand gene silencing inhibitory IkB (IxB) of was conducted. Unbound
siRNAs targeting IkB and strongly decreased protein expression levels by 50%,
verifying silencing functionality (positive control Fig. 5.7a). The aforementioned standard
curves (Fig. 5.6) were then used to estimate the concentration of nanoplasmonic gene
switches to deliver equivalent concentrations of bound siRNA. The estimated siRNA-
conjugated nanoplasmonic gene switches were then internalized in HelLa cells. Under
light illumination, internalized nanoplasmonic gene switches should photothermally
disrupt encapsulating endosomes (8-10) and photothermally release siRNA. The
unbound siRNA should sequentially trigger the RNA-induced silencing complex (RISC)
to unwind the duplex, bind to complementary messenger RNA (mRNA), and silence
gene expression (11). On-demand gene silencing of IkB resulted in a 30% decrease in
IxB expression (Fig. 5.7d). Scrambled siRNA-conjugated nanoplasmonic gene switches
were also internalized in HelLa cells and illuminated to verify no non-specific, off-target
down-regulation of IxB protein levels occurred (negative control Fig. 5.7c). No decrease
in IkB protein levels were observed when nanoplasmonic gene switches alone (lacking
siRNA) were illuminated (negative control Fig. 5.7b).
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Figure 5.7. On-demand gene silencing of IkB using siRNA. To set dynamic range of flow cytometry
fluorescence, grey dotted curve indicates negative isotype control for fluorescence and red dotted curve
indicates positive control for fluorescence. Red solid line indicates: (a) Positive control for kB silencing
using unbound siRNA. (b) Negative control for IkB silencing using illuminated nanoplasmonic gene
switches lacking siRNA. (c¢) Negative control for IkB silencing using illuminated nanoplasmonic gene
switches with scrambled siRNA. (d) On-demand gene silencing of IxB.
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In closing, nanoplasmonic gene switches, have been specifically designed to be

compatible with and capable of carrying siRNA, thereby combining the benefits of
sequence-specificity with spatiotemporal manipulation and enabling on-demand gene
silencing of endogenous intracellular genes by siRNA.
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CHAPTER 6:

CREATION OF A TRANSCRIPTIONAL PULSE BY
ON-DEMAND GENE ACTIVATION AND
REPRESSION

Transcriptional networks carry out essential functions in living organisms (1).
Within these networks, genes are persistently transcribed in a long-lasting manner or
transiently transcribed in a short-lived manner. In this way, transcriptional networks are
dynamical systems, where genes are temporally regulated through dynamic interactions
with other activating and repressing genes (Fig. 6.1a). Persistent and transient
transcriptional activities serve important regulatory purposes, resulting in significantly
different functions in developmental processes (2), immunological signal transduction
pathways (3), and disease progression (4). Precise temporal control of a single gene’s
transcriptional activities, therefore, is of critical physiological interest.

Synthetic gene networks can be constructed to temporally control transcriptional
activities (5-8). Notably, pulse-generating synthetic networks enable the generation of
transient gene expression with defined duration (5). While these simplified models
provide insight into more complex transcriptional networks, their direct correlation to
naturally-occurring systems and their direct implications on biological function are
unknown. The generation of a transcriptional pulse without permanent modification or
simplification of the genome is therefore highly desirable.

Optically activated gold nanoparticles (9-28) (GNPs), referred to here as
nanoplasmonic switches, can enable the realization of a pulse-generating system.
Nanoplasmonic switches efficiently convert light energy into surface-localized heat,
otherwise known as photothermal conversion (29-31), when the incident light is
matched to their plasmon resonance wavelength. In particular, the NIR wavelength
regime is well suited for biomedical applications since tissues and cells are essentially
transparent at 800-1300 nm (32). Additionally, heat transfer from the surface of
nanoplasmonic switches’ to the surrounding cellular environment is highly localized,
decaying exponentially within a few nanometers (14, 17, 29) and therefore is thought to
have minimal adverse effects on cells. Among the GNPs, rod-shaped GNPs, well known
as gold nanorods, are of particular interest for use as nanoplasmonic switches due to
their large absorption cross-section, a narrow spectral width of the longitudinal plasmon
resonance band, and tunability of the longitudinal plasmon resonance wavelength
based on aspect ratio.

These unique optical properties of rod-shaped nanoplasmonic switches make
them attractive candidates for temporal control of transcriptional networks in naturally-
occurring systems. Because of their large surface area, nanoplasmonic switches are
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ideal carriers of interfering oligonucleotides such as DNA, RNA, short hairpin RNA
(shRNA), and short interfering RNA (siRNA). Interfering oligonucleotides enable
sequence-specific silencing of intracellular genes, but alone, lack the temporal control
necessary for precise manipulation. While attached to these carriers, oligonucleotides
are in an inactive state. In the presence of light matched to their plasmon resonance
wavelength, nanoplasmonic switches photothermally release oligonucleotides (9, 13,
20, 22, 25, 28) to locally interfere with gene expression (10, 14). In addition to the
inhibitory effects of interfering oligonucleotides, exogenous foreign genes can be also
introduced and expressed on-demand (11). Thus, nanoplasmonic switches combine the
benefits of sequence-specificity and spatiotemporal control for precise manipulation of
gene expression. Additionally, because their narrow longitudinal plasmon resonance
bands can be spectrally separated, rod-shaped nanoplasmonic switches of different
aspect ratios enable selective control of silencing multiple genes on-demand.
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Figure 6.1. Concept of nanoplasmonics-enabled on-demand transcriptional pulse generation. (a)
Typical transcriptional network. (b) nanoplasmonic switches of different aspect ratios used to selectively
manipulate the binding activities of repressors and activators upstream from the target gene to generate a
transcriptional pulse of target gene expression.

A transcriptional pulse of target gene expression can be generated by utilizing
siRNA-conjugated nanoplasmonic switches of different aspect ratios to selectively
manipulate the binding activities of repressors and activators upstream from the target
gene. The repressor and activator binding kinetics are mathematically modeled here to
generate a transcriptional pulse of target gene expression (Fig. 6.1b and Fig. 6.2). To
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initiate the transcriptional pulse, living cells are illuminated with light wavelength 1, at
time t;. Light illumination sequentially causes the photothermal release of siRNAy from
nanoplasmonic switches of plasmon resonance 14, the silencing of the repressor Y, and
the activation of the target gene Z (Fig. 6.1b). Since the target gene expression is
consequently activated, on-demand gene silencing of the repressor is referred to here
as “nanoplasmonic gene activation.” To terminate the transcriptional pulse, living cells
are then illuminated with light wavelength A, at time f,. Light illumination sequentially
causes the photothermal release of siRNAx from nanoplasmonic switches of plasmon
resonance A, the silencing of the activator X, and the repression of the target gene Z
(Fig. 6.1b). Since the target gene expression is resultantly repressed, the on-demand
gene silencing of the activator is defined here as “nanoplasmonic gene repression.” A
genetic logic table summarizing this transcriptional pulse behavior is shown in Figure
6.1b.
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Figure 6.2. Mathematical model of on-demand transcriptional pulse generation. Changes in mRNA
(mX, mY, mZ), and protein (pX, pY, pZ) concentrations over time for genes (gX, gY, gZ) are
mathematically described and conceptually shown. At time t;: repressor Y is silenced by on-demand
release of siRNAy from nanoplasmonic switch (longitudinal plasmon resonance ;). Downstream gene Z
is activated (nanoplasmonic gene activation). At time t,: activator X is silenced by on-demand release of
siRNAx from nanoplasmonic switch (longitudinal plasmon resonance A,). Downstream gene Z is
repressed (nanoplasmonic gene repression). Simulated concentration profiles over time for pX, pY, and
pZ. Rates of mRNA synthesis are represented by kxs, ky;, and kz;, and rates of protein synthesis are
represented by kx», Ky, and kz,. Rates of mMRNA degradation are represented by Ky mx, Kg my, and ky mz,
and rates of protein degradation are represented by Ky px, Kq pv, and Ky pz.
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In this article, we present the on-demand generation of a transcriptional pulse of
target gene expression by using nanoplasmonic switches of different aspect ratios to
selectively manipulate the binding activities of repressors and activators upstream from
the target gene. We first demonstrate that siRNA conjugated to nanoplasmonic switches
of different aspect ratios can be selectively and independently liberated using the
appropriate wavelength of light. We then show on-demand gene silencing of repressors
and activators in living cells. We show that downstream translocation activities can be
visualized in response to on-demand gene silencing of repressors and activators. We
finally demonstrate nanoplasmonics-enabled transcriptional pulse generation of target
gene expression by examining two target genes with different transcriptional activation
profiles. Using nanoplasmonic control, the timing of genetic activities can be
systematically varied on-demand. Equipped with new nanoplasmonic tools to directly
probe the intracellular space, quantitative approaches should capture many dynamic
activities within the living cell that were otherwise previously impossible to detect using
conventional methods.

Methods

Mathematical model and simulation. A transcriptional pulse of target gene Z
expression was generated by selectively manipulating the binding activities of repressor
Y and activator X at gene Z’'s promoter region using nanoplasmonic switches. Activator
and repressor binding kinetics were derived from the Michaelis-Menton and Hill input
equations (1). Light-controlled gene silencing using siRNA-conjugated nanoplasmonic
switches was modeled similarly to repressor binding kinetics.

Based on a two compartment model (33) shown in Figure 6.2, the transcriptional pulse
can be described by the following differential equations (Eqg. 1-8), which represent
changes in mMRNA (mX, mY, and mZ) and protein (pX, pY, and pZ) concentrations over
time for each gene (gX, gY, and g2).
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Matlab™ software was used to numerically solve the differential equations for protein
concentrations over time (Fig. 6.2). Nanoplasmonic gene activation at time t; followed
by nanoplasmonic gene repression at time t, resulted in the generation of a
transcriptional pulse of target gene Z expression, as shown in Figure 6.2 and
summarized in Figure 6.1b. Rate constants for mMRNA and protein degradation were
approximated similarly to those previously reported in literature for a eukaryotic model
(1). Target mMRNA degradation rate by siRNA, as reported previously by others (34),
was used in the model. Rate constants and initial values used in this mathematical
model are reported in Tables 6.1.

Parameter Value

Rate of mMRNA synthesis (kx1, Ky1, Kz1)
Rate of protein sythesis (kxo, Ky2, kz2)

1 pmol/day
100000 pmol/day

Half life of eukaryotic mRNA (z.,)

1 hr=0.042 day

Half life of eukaryotic protein (z4.2)

2 hrs=0.083 day

switches

Rate of mRNA degradation (kq mx, kd mv, Kd mz) 16.5 days™
Rate of protein degradation (K4 px, Ka pv, Ka pz) 8.4 days™
Gene concentration (gX, gY, gZ) 10 pmol
Probability that activator is bound (5) 1

Hill coefficients (Kx, Ky) 1

Rate of siRNA degradation (ky sima) 0.34 day™
Rate of target mRNA degradation by siRNA | 16.6 days™
(kd rnai)

Initial concentration of siRNA on nanoplasmonic | 0.001 pmol

Table 6.1. Kinetic rates and initial values used in mathematical model of a transcriptional pulse generated
using nanoplasmonic switches.
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Several assumptions were made in this mathematical model. It was assumed no siRNA
was released when light illumination did not match the plasmon resonance wavelength
of the nanoplasmonic switches. It was also assumed that all siRNA on the
nanoplasmonic switches were released at once upon light illumination of the correct
wavelength. Since the model’s timescale was on the order of hours, it was assumed
that nanoplasmonic switches did not degrade in this timeframe and therefore the
concentration of nanoplasmonic switches remained the same. Due to the tight packing
of siRNA on the nanoplasmonic switches, steric hinderances inhibited nuclease
degradation of siRNA while siRNA was attached to the nanoplasmonic switches (35).
Once siRNA was released from the nanoplasmonic switches using light, the siRNA
degraded with degradation rates as reported previous literature (34).

Synthesis of RNase-free CTAB-coated gold nanorods. Rnase-free gold nanorods of
aspect ratios 2.5 and 4.0 were synthesized using a previously-reported RNase-free
adaptation (36) of a seed-mediated growth method (37, 38). The asymmetric geometry
resulted from synthesizing the nanorods in the presence of cetyltrimethylammonium
bromide (CTAB). The concentration of CTAB-coated nanorods was confirmed by
adjusting to an absorbance of 1 at the longitudinal plasmon resonance wavelength
using UV-VIS spectroscopy (8453, Hewlett Packard). Aspect ratios were determined by
scanning electron microscopy (Hitachi S-4500 FESEM) at 150,000X magnification.
RNase activity in the supernatant solution was detected using an RNase activity kit
(AM1964, Ambion) and was quantitatively measured over time using a fluorometer
(Fluoromax-3, Horiba Jobin Yvon).

Synthesis of siRNA-conjugated nanoplasmonic gene switches. Commercially-
available cationic phospholipid Oligofectamine was purchased from Invitrogen. 21-mer
siRNA conjugated to fluorescein (FAM) dye (495 nm excitation, 520 nm emission) were
purchased from Integrated DNA Technologies. 21-mer scrambled siRNA was
purchased from Dharmacon. 21-mer siRNA targeted to NF-xB and IxB were purchased
from Qiagen.

Firstly, the CTAB surfactant at the nanorod surface was exchanged with a cationic
phospholipid bilayer to form biologically functional cationic phospholipids-gold
nanoplasmonic carriers (bioGNPs). BioGNPs were synthesized and characterized as
previously described (36). Here, bioGNPs are used as nanoplasmonic switches. In
summary, to remove excess CTAB surfactant, 500 uL unmodified CTAB-coated
nanorods (UV-VIS absorbance of 1) were centrifuged at 5000 rpm for 10 minutes. A 10
uL pellet was transferred to a new microcentrifuge tube, redispersed in 500 uL of
nuclease-free water, briefly vortexed, and sonicated for 1 minute. To replace CTAB
surfactant with a phospholipid bilayer membrane at the nanorod surface, nanorods were
then centrifuged again at 5000 rpm for 10 minutes. A 10 uL pellet was transferred to a
new microcentrifuge tube, resuspended in 50 uL of Oligofectamine, briefly vortexed, and
sonicated for 1 minute.

After the CTAB coating was replaced with a cationic phospholipid coating, siRNA was

then conjugated to the bioGNPs. To 500 pL of bioGNPs, 2 uL of 100 uM RNA siRNA
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was added. The solution was vortexed and allowed to incubate for 30 minutes. To
remove excess SiRNA from solution, bioGNPs were washed with nuclease-free water
by centrifugation at 5000 rpm for 10 minutes and finally resuspended in 500 puL of
nuclease-free water.

For generating the transcriptional pulse: IkB siRNA was conjugated to bioGNPs with
plasmon resonance wavelength 785 nm. NF-xB siRNA was conjugated to bioGNPs with
plasmon resonance wavelength 660 nm.

After preparation of sSiRNA-bioGNP conjugates, an absorbance of 0.2 was measured by
UV-VIS (8453, Hewlett Packard). By comparing with the original nanorod’s UV-VIS
absorbance of 1, the concentration of bioGNPs was estimated to be approximately 1/5
the original nanorod concentration (approximately 6 ug/mL or 1.4E11 particles/mL).

For characterization of internalized siRNA-bioGNP conjugates, varying concentrations
of approximately 3E11 particles/mL, 4E11 particles/mL, or 7E11 particles/mL (based on
UV-VIS measurements) were used.

Optical setup. An 80 mW 785 nm CW diode laser (Newport Corp.) and a 60 mW 660
nm CW diode laser (Newport Corp.) were co-aligned such that their beams
simultaneously overlapped. Firstly, both lasers were positioned parallel to each other on
a manually-adjustable xyz stage. A dichroic mirror (Omega Optical) was positioned
below the 785 nm laser. A shortpass filter (Omega Optical) was placed below the 660
nm laser. To make the two beams orthogonal to each other, the 660 nm laser beam
was reflected 90° towards the direction of the other laser by using the shortpass filter as
a reflector. The dichroic mirror transmitted the 785 nm laser beam and reflected the 660
nm laser beam another 90° such that both beams simultaneously overlapped and co-
aligned with each other.

Photothermal liberation of siRNA from nanoplasmonic gene switches. To a 2 mm
path length quartz cuvette (3-2.45-Q-2, Starna Cells Inc.), 50 uL of FAM-siRNA-
conjugated nanoplasmonic gene switches with 660 nm plasmon resonance wavelength
or FAM-siRNA-conjugated nanoplasmonic gene switches with 785 nm plasmon
resonance wavelength were added. Using the optical setup described above, the
samples were illuminated from a top with 50 mW of either 785 nm or 660 nm light with a
spot size of 2 mm. During illumination, fluorescence emission spectra were collected at
2 minute intervals for each sample using a fluorometer (Fluoromax-3, Horiba Jobin
Yvon). A shortpass filter was positioned in front of the fluorometer’s detector to block the
detector from the laser sources.

Cell preparation. The human cervical carcinoma cell line HeLa was purchased from
the American Type Culture Collection (ATCC). Dulbecco’s modified eagle’s media
(DMEM) formulated with high glucose and GlutaMAX was purchased from Invitrogen
and was supplemented with 10% heat-inactivated fetal bovine serum. Unless specified
otherwise, cells were seeded at an initial concentration of 20,000 cells/well in a 96-well
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plate, cultured in the supplemented media, and maintained in a 37 °C incubator with 5%
CO2 humidified air.

Internalization of nanoplasmonic gene switches. The siRNA-conjugated bioGNPs
were coated with cationic phospholipids for optimal internalization. Firstly, 1000 uL of
siRNA-conjugated bioGNPs were concentrated into a 10 uL pellet by centrifugation at
5000 rpm for 20 minutes. The pellet was transferred to a new microcentrifuge tube and
then resuspended in 25 uL of Oligofectamine. The solution was vortexed and allowed to
incubate for 20 minutes. For higher concentrations of conjugates, the multiple tubes of
conjugates were prepared the same as described above. After 20 minutes, 175 uL of
nuclease-free water was added to each tube to dilute the concentration of free cationic
phospholipids in solution. If there were multiple tubes, the tubes were then combined
into a single tube. The conjugates were concentrated into a 0.5 uL pellet by
centrifugation.

HelLa cells were washed once with Optimem media. The concentrated pellet was
resuspended in 100 uL of Optimem media, gently mixed, and added to each well of the
96-well plate. The cells were allowed to incubate for 4 hours at 37°C.

Visualization of internalized nanoplasmonic gene switches by darkfield light
microscopy. A 10% paraformaldehyde aqueous solution (15712-S) was purchased
from Electron Microscopy Sciences and was used to prepare 4% stock solutions using
1X PBS. DAPI (D-1306) was purchased from Invitrogen.

For visualization purposes, HelLa cells were seeded onto 12 mm gridded glass
coverslips (72265-12, Electron Microscopy Sciences) at 30,000 cells/well in a 24-well
plate. Nanoplasmonic switches were internalized as described above. After
internalization, cells were fixed by incubating cells with 2% paraformaldehyde per well
for 10 minutes. Cell nuclei were stained with DAPI by incubating cells in 300 nM DAPI
per well for 5 minutes. 1X PBS was used to twice-wash the cells. The coverslip
containing fix, adhered cells was then placed facedown and adhered to a microscope
slide. Cells were located using the grids imprinted on the coverslips.

Darkfield scattering was visualized using an inverted microscope (Axiovert, Zeiss) at
40X magnification. Broadband white light was shined onto the adhered cells from an
oblique angle using a darkfield condenser lens. The scattered light alone was collected
using a microscope objective lens with a numerical aperture (NA) of 0.65 that was
smaller than the NA (1.2-1.4) of the illumination condenser lens. DIC and DAPI were
visualized using an upright fluorescence microscope (Axio Imager, Zeiss) at 40X
magnification.

Conventional lipofection of siRNA. Optimem reduced-serum media and
Lipofectamine 2000 were purchased from Invitrogen. 21-mer siRNA targeted to NF-xB
and IkB was purchased from Qiagen.
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Conventional lipofection of siRNA was carried out according to manufacturer’s
instructions. Briefly, HeLa cells were washed once with Optimem media. Cells were
then incubated with 25 nM siRNA in Optimem media for 6 hours. After 6 hours, the
media was replaced with fresh supplemented DMEM culture media. Cells were allowed
to incubate for an additional 72 hours at 37 °C.

For characterization of internalized siRNA, cells were incubated with 0 nM, 50 nM, 100
nM, or 200 nM siRNA in Optimem media for 6 hours. After 6 hours, the media was
replaced with fresh supplemented DMEM culture media. Cells were allowed to incubate
for an additional 72 hours at 37 °C.

On-demand gene silencing of IxkB and NF-xB. After internalization of siRNA-
conjugated (IxB or NF-kB siRNA) nanoplasmonic gene switches for 4 hours, the media
was replaced with fresh supplemented DMEM culture media. The 96-well plate was
placed in a COx-filled, sealed container, containing a high transmission glass window
(NT45-661) purchased from Edmund Optics. Firstly, wells were illuminated from a top
with 50 mW of 785 nm CW diode laser from Newport Corp. with a spot size of 2 mm
(one quadrant of a well in a 96-well plate) for 15 minutes. Two hours after initial
illumination with 785 nm light, wells were illuminated from a top with 50 mW of 660 nm
CW diode laser from Newport Corp. with a spot size of 2 mm (one quadrant of a well in
a 96-well plate) for 15 minutes. After illumination, cells were allowed to incubate for an
additional 72 hours at 37 °C.

For IP-10 and RANTES studies, the media was replaced with fresh supplemented
DMEM culture media containing 3 um monensin (M5273, Sigma) 48 hours after
illumination. The cells were allowed to incubate for an additional 24 hours at 37 °C.

Direct immunostaining for flow cytometry analysis. Fluorescently-labeled antibodies
recognizing NF-xB (sc-8008-PE) and IkB (sc-1643-AF488, sc-945-AF488) were
purchased from Santa Cruz Biotechnologies. Fluorescently-labeled normal mouse
isotype antibodies (sc-2866, sc-3890, and sc-45068) were also purchased from Santa
Cruz Biotechnologies and were used as negative controls. Fluorescently-labeled
antibodies recognizing IP-10 and RANTES, and appropriate isotype controls were
purchased from R&D Systems. Permeabilization buffer, for use with NF-xB and IkB
antibodies, was prepared by adding 0.1% (w/v) saponin, 0.3% (w/v) Triton-X, and 0.1%
(w/v) NaN3 to Hank’s Balanced Salt Solution (Invitrogen). Permeabilization buffer, for
use with IP-10 and RANTES antibodies, was prepared by adding 0.1% (w/v) saponin
and 0.06% (w/v) NaN3 to Hank’s Balanced Salt Solution (Invitrogen).

Cells were harvested, resuspended in 250 uL of 1X PBS, and fixed with 250 uL of 4%
paraformaldehyde for 10 minutes. After 10 minutes, excess paraformaldehyde was
removed by centrifuging and resuspending cells in 400 uL of permeabilization buffer
(repeated twice). Cells were then counted to ensure all samples contained the same
number of cells prior to immunostaining. For 50,000 cells, 10 uL of antibody or isotype
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antibody were added. Cells were gently mixed and incubated at room temperature for
45 minutes. After 45 minutes, excess antibodies were removed by centrifuging and
resuspending cells in 400 uL of permeabilization buffer. To remove permeabilization
buffer, cells were finally centrifuged and resuspended in 500 uL of 1X PBS. LSRII flow
cytometer (BD Biosciences) and FlowJo software (Tree Star, Ashland, Oregon) were
used to analyze samples.

Direct immunostaining for NF-xB translocation studies by fluorescence
microscopy. 72 hours after on-demand gene silencing of 1kB or NF-kB using siRNA,
cells (adhered to glass coverslips) were fixed in cold 50% methanol for 3 minutes on ice
followed by cold 100% methanol for 15 minutes on ice. For three times, cells were
washed with and incubated in 1X PBS for 5 minutes on a rocker at speed ~100 rpm.
Cells were blocked with 5% normal mouse serum (01-6501, Invitrogen) in 1X PBS for
30 minutes on a rocker at speed ~100 rpm. For two times, cells were washed with and
incubated in 1X PBS for 5 minutes on a rocker at speed ~100 rpm. Cells were then
incubated in 300 nM DAPI (D1306, Invitrogen) in 1X PBS for 5 minutes in the dark on a
rocker at speed ~100 rpm. Cells were washed with and incubated in 1X PBS for 5
minutes on a rocker at speed ~100 rpm. To 200 uL of 1X PBS, 60 mL of anti-NF-xB
(sc8008 AF488, Santa Cruz Biotechnologies) was added. Cells were allowed to
incubate for 2 hours in the dark on a rocker at speed ~100 rpm. For three times, cells
were washed with and incubated in 1X PBS for 5 minutes on a rocker at speed ~100
rom. Coverslip containing fixed, stained adhered cells was finally placed facedown on a
microscope slide, sealed with clear nail polish, and imaged using fluorescence
microscopy.

Results and Discussion

Gold nanorods were synthesized by modifying a seed-mediated growth approach
(37, 38) to be free of RNase contamination (36). The resultant CTAB-coated gold
nanorods were ensured to be free of RNases by detecting RNase activity over time
(Chapter 5). Using an adaptation of vesicle-to-nanoparticle fusion, the cytotoxic CTAB
at the nanorods’ surface was then place-exchanged with biocompatible cationic
phospholipids to form biologically functional cationic phospholipid-gold nanoplasmonic
carriers (bioGNPs) (36) as described in Chapter 4. Negatively charged siRNA readily
attached to the bioGNPs.

The first stage in nanoplasmonics-enabled transcriptional pulse generation was
the selective and independent photothermal dissociation of siRNA. Here, bioGNPs are
demonstrated as nanoplasmonic switches. In the presence of incident light that is
matched to the nanoplasmonic switches’ longitudinal plasmon resonance wavelength,
the conduction band electrons of the nanoplasmonic switches collectively oscillate in
phase on resonance and subsequently make collisions with the metal lattice, thereby
dissipating heat (31). Since this photothermal conversion of light energy into heat is
highly localized to the surface of the nanoplasmonic switches (14, 17, 29), this heat
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should dissociate the siRNA from the cationic phospholipid bilayer. Additionally, since
their narrow longitudinal plasmon resonance bands are spectrally separated as shown
in Fig. 6.3a, nanoplasmonic switches of different aspect ratios should be excited
independently of each other using the appropriate wavelength of light (13).
Fluorescently-labeled FAM-siRNAs were bound to nanoplasmonic switches and
unbound FAM-siRNAs were then removed from the background solution by
centrifugation. Light with wavelength 785 nm was initially used to illuminate
nanoplasmonic switches. Under illumination, the bound FAM-siRNAs were released
from the matching nanoplasmonic switches into solution and the fluorescent intensity
was measured. A statistically significant increase in the fluorescent intensity was seen
when matching nanoplasmonic switches with a longitudinal plasmon resonance
wavelength of 785 nm (UV-VIS spectra Fig. 6.3a) and an aspect ratio of 4.0 (SEM
images Fig. 6.3b) were illuminated, strongly suggesting that bound FAM-siRNA were
photothermally liberated from these matching nanoplasmonic switches into solution (Fig.
6.3c). In sharp contrast, no increase in fluorescent intensity was observed when
mismatching nanoplasmonic switches with a longitudinal plasmon resonance
wavelength of 660 nm (UV-VIS absorbance spectra Fig. 6.3a) and an aspect ratio of 2.5
(SEM images Fig. 6.3b) were illuminated with 785 nm light, confirming that FAM-siRNA
remained attached to these mismatching nanoplasmonic switches (Fig. 6.3c). It is
clearly evident from Figure 6.3c that bound siRNA can be selectively and independently
liberated from nanoplasmonic switches that are matched to the incident light.
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Figure 6.3. Selective and independent photothermal release of siRNA from nanoplasmonic gene
switches. (a) UV-VIS spectra of nanoplasmonic gene switches. (b) scanning electron microscopy images
of nanoplasmonic gene switches, (¢) FAM-siRNA conjugated switches with longitudinal plasmon
resonance 785 nm are illuminated with 785 nm light. siRNA is released. FAM-siRNA conjugated switches
with longitudinal plasmon resonance 660 nm are illuminated with 785 nm light. No siRNA is released. (d)
FAM-siRNA conjugated switches with longitudinal plasmon resonance 785 nm are illuminated with 660
nm light. No siRNA is released. FAM-siRNA conjugated switches with longitudinal plasmon resonance
660 nm are illuminated with 660 nm light. siRNA is released.
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Figure 6.4. On-demand gene silencing of IkB and NF-kB using siRNA. To set dynamic range of flow
cytometry fluorescence, grey dotted curve indicates negative isotype control for fluorescence and red/blue
dotted curve indicates positive control for fluorescence. (a) Red solid line indicates positive control for
IxB silencing using unbound siRNA. Blue solid line indicates positive control for NF-xB silencing using
unbound siRNA. (b) Red solid line indicates negative control for IkB silencing using illuminated
nanoplasmonic gene switches lacking siRNA. Blue solid line indicates negative control for NF-xB
silencing using illuminated nanoplasmonic gene switches lacking siRNA. (¢) Red solid line indicates
negative control for IkB silencing using illuminated nanoplasmonic gene switches with scrambled siRNA.
Blue solid line indicates negative control for NF-xB silencing using illuminated nanoplasmonic gene
switches with scrambled siRNA. (d) Red solid line indicates on-demand gene silencing of I«kB. Blue solid
line indicates on-demand gene silencing of NF-«xB.
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After confirming the photothermal dissociation of siRNA from the cationic
phospholipid bilayer, on-demand gene silencing of repressor and activator expression in
HelLa cells was conducted. Inhibitory kB (IxB) was selected to represent the repressor
in this article. Likewise, nuclear factor kB (NF-kB) was chosen to represent the activator.
Unbound siRNAs targeting IkB and NF-xB strongly decreased their respective
expression levels by 50%, verifying their silencing functionality (positive control Fig.
6.4a). The aforementioned standard curves in Chapter 5 were then used to estimate the
concentration of nanoplasmonic switches to deliver equivalent concentrations of bound
siRNA. The estimated siRNA-conjugated nanoplasmonic switches were then
internalized in HelLa cells. Under light illumination, internalized nanoplasmonic switches
should photothermally disrupt encapsulating endosomes (14, 16, 39) and
photothermally release siRNA. The unbound siRNA should sequentially trigger the
RNA-induced silencing complex (RISC) to unwind the duplex, bind to complementary
messenger RNA (mRNA), and silence gene expression (40). On-demand gene
silencing of IxB resulted in a 30% decrease in kB expression (Fig. 6.4d). A similar
decrease in NF-kB expression was also seen after on-demand gene silencing of NF-xB
(Fig. 6.4d). To ensure that illumination of nanoplasmonic switches themselves caused
no down-regulation effects, nanoplasmonic switches without siRNA were internalized in
control HelLa cells. No decrease in IkB or NF-kB protein levels were observed when
nanoplasmonic switches alone (lacking siRNA) were illuminated (negative control Fig.
6.4b). Scrambled siRNA-conjugated nanoplasmonic switches were also internalized in
HelLa cells and illuminated to verify no non-specific, off-target down-regulation of IxB or
NF-xB protein levels occurred (negative control Fig. 6.4c).

To further assess functionality, downstream nuclear translocation was examined
after nanoplasmonic silencing of IkB and NF-kB expression. To locate cells’ boundaries
and nuclei, DIC images and DAPI-stained images were placed adjacent to NF-«xB-
immunostained images (Fig. 6.5). The activator NF-kB and the repressor IkB form an
inactive complex that typically remains sequestered in the cytoplasm (41), as shown in
the negative control (Fig. 6.5, column i). External stimuli, such as the tumor necrosis
factor alpha (TNFa), signal the degradation of the repressor 1kB and the subsequent
nuclear translocation of the now “active” NF-«kB, as shown by the strong nuclear
presence of NF-kB in the positive control (Fig. 6.5, column ii). In a similar fashion, Fig.
6.5, column (iii) also shows the presence of NF-«kB in the nucleus after on-demand gene
silencing of the repressor IkB, indicating that IkB was inhibited, the IkB/ NF-xB complex
was dissociated, and the active NF-xB was able to translocate to the nucleus. In
contrast, on-demand gene silencing of NF-«B decreased overall expression of NF-xB
(Fig. 6.5, column iv). No nuclear translocation was observed. Since downstream
translocation activities could be visualized after nanoplasmonic silencing of NF-xB and
kB, it was reasoned that nanoplasmonic control of downstream target genes should
also be conceivable.

82



(iii) (iv)
0] (ii) Nanoplasmonic  Nanoplasmonic
Negative Positive translocation translocation
control control activated repressed

s

DIC

Figure 6.5. Downstream translocation events after on-demand gene silencing of repressor IkB and
activator NF-kB. DIC, immunostaining of NF-xB, and DAPI staining of nuclei of (i) untreated cells
(negative control), (ii) cells treated with TNFa (positive control), (iii) cells after on-demand gene silencing
of repressor kB (nanoplasmonic translocation activated), and (iv) cells after on-demand gene silencing of
activator NF-xB (nanoplasmonic translocation repressed).

Finally, a transcriptional pulse of target gene expression was generated by
utilizing siRNA-conjugated nanoplasmonic switches of different aspect ratios to
selectively and temporally manipulate the activities of repressors and activators
upstream from the target gene. On-demand gene silencing of the repressor IkB was
used to activate target gene expression and thereby initiate the transcriptional pulse (¢,
= 0 hrs). To terminate the transcriptional pulse, on-demand gene silencing of NF-xB
was used to repress the target gene expression (f; = 2 hrs). To test this hypothesis, two
target genes with different transcriptional activation profiles were examined. The target
gene IP-10 is an early response gene and is known to be immediately activated within
30 minutes of stimulation, whereas the target gene RANTES is a late response gene
and requires more than 3 hours of stimulation to be activated (3, 42, 43). If the
transcriptional pulse was indeed generated, IP-10 should be activated while RANTES
should remain inactivated. A genetic logic table summarizing the behavior of IP-10 and
RANTES is shown in Figure 6.6. In Figure 6.6d, flow cytometric results show activation
of IP-10 expression while RANTES expression remains inactivated, confirming that a
transcriptional pulse was generated using nanoplasmonic control. Control experiments
were carried out to ensure that persistent silencing of repressor IkB resulted in
activation of both IP-10 and RANTES (Fig. 6.6c). Both IP-10 and RANTES remained
inactivated when activator NF-xB was persistently silenced (Fig. 6.6b).
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(a)
(b)
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(d)

Figure 6.6. Transcriptional pulse characterized by examining activation of early gene IP-10 and
late gene RANTES by flow cytometry. Grey dotted line represents negative, unactivated control. Green
solid curves represent IP-10 or RANTES activation. (a) No IkB or NF-«xB silencing: IP-10 and RANTES
unactivated. (b) Persistent NF-xB silencing: IP-10 and RANTES unactivated. (c¢) Persistent IxB silencing:
both IP-10 and RANTES activated. (d) Two hour transcriptional pulse created: IP-10 activated, RANTES

unactivated.
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In closing, a nanoplasmonics-enabled transcriptional pulse generation of target
gene expression was demonstrated. Using nanoplasmonic control, the timing of genetic
activities can be systematically varied on-demand. It is possible to temporally control
biological behavior in future studies in order to understand how exactly transient and
steady-state responses dictate normal biological processes and how unregulated
behavior can lead to dysfunction. Equipped with new nanoplasmonic tools to directly
probe the intracellular space, quantitative approaches should capture many dynamic
activities within the living cell that were otherwise previously impossible to detect using
conventional methods. We therefore expect these nanoplasmonic tools and
methodologies to have important implications in advancing drug delivery, gene delivery,
imaging, and therapeutics.
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CHAPTER 7:
FUTURE WORK AND CONCLUSIONS

A living cell dynamically responds to its perpetually changing environment, such
that signaling proteins, transcription factors, and enzymes are constantly synthesized,
transported from one organelle to another, and finally shuttled to their appropriate
locations to give rise to cell function. The intracellular distribution of these molecular
complexes is spatially non-uniform and dynamically changing over time in response to
environmental cues (1). Quantitative knowledge of the intracellular biochemical
distribution is critical for understanding intracellular organization and function in
developmental processes, growth, differentiation, apoptosis, and disease.

Intracellular manipulation in conjunction with real-time imaging can provide
unparalleled insight into the intracellular biochemical distribution as a result of local
environmental changes. Recent advancements in nanotechnology and nanoplasmonics
now enable nanoplasmonic optical antennae to directly interface with intracellular
processes. The dual functions of nanoplasmonic optical antennae, discussed in Chapter
2, can be utilized in combination to enable intracellular manipulation in conjunction with
real-time imaging. By focusing electromagnetic fields down to dimensions smaller than
the diffraction limit, nanoplasmonic optical antennae - functioning as nanoplasmonic
gene switches - enable spatially precise regulation of genetic activity to give rise to
location-specific function. Additionally, nanoplasmonic optical antennae - functioning as
biosensors — can also focus electromagnetic fields to significantly enhance spectral
information for plasmon resonance energy transfer (PRET) (2-4) and surface-enhanced
Raman spectroscopy (SERS) (5-13). By utilizing a combination of both nanoplasmonic
gene switches and biosensors in an experiment (Fig. 7.1), quantitative “spectral
snapshots” (ie. spectroscopic imaging) of the intracellular biochemical distribution can
be obtained over time as function of changes in the local environment.

Integration with PRET biosensors

PRET biosensors enhance spectral information of biomolecules in the local
environment. Plasmon resonance energy can be transferred from nanoplasmonic
optical antennae, functioning as biosensors, to molecules in proximity. When the
plasmon resonance spectrum of an antenna is intentionally matched to the absorption
spectrum of the molecules, energy transfer by PRET (2-4) results in wavelength-specific
quenching in the Rayleigh scattering spectrum. For instance, when the plasmon
resonance energy of the biosensors is transferred to adsorbed cytochrome c,
wavelength-specific quenching is observed in the Rayleigh scattering spectrum of the
biosensor (2, 4). The quenching positions exactly correspond to the absorbance peaks
of cytochrome c.
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Figure 7.1. Concept of nanoplasmonic optical antennae for on-demand gene regulation and real-
time imaging. The intracellular distribution is spatially non-uniform and dynamically changing over time in
response to environmental cues. By focusing electromagnetic fields down to dimensions smaller than the
diffraction limit, nanoplasmonic optical antennae - functioning as nanoplasmonic gene switches - enable
on-demand and spatially precise gene regulation to give rise to location-specific function. In addition to
on-demand gene regulation, nanoplasmonic optical antennae - functioning as biosensors - enhance
spectral information for PRET and SERS. “Spectral snapshots” of the dynamically changing intracellular
biochemical distribution can be obtained over time using multiple nanoplasmonic optical antennae with
distinct plasmon resonance wavelengths matched to incident light wavelengths 1, 4,, and 4.

In addition to cytochrome c¢ sensing, highly sensitive and selective metal ion
sensing is also enabled by PRET spectroscopy. When the transition metal ion (blue)
binds with the matching ligand (red), d orbitals are split, generating a new absorption
band of the metal-ligand complex in the visible range (3). Due to this new absorption
band, Rayleigh scattering energy from the biosensor can be transferred to the metal-
ligand complex. There is no spectral overlap between ligands and the biosensor in the
absence of the metal ion. When the electronic absorption frequency of the metal-ligand
complex matches with the Rayleigh scattering frequency, the selective energy transfer
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is induced by this spectral overlap and distinguishable resonant quenching in the
resonant Rayleigh scattering spectrum is observed (3).

Integration with SERS biosensors

SERS biosensors also enhance spectral information of biomolecules in the local
environment. In the presence of incoming electromagnetic radiation, molecules in
proximity of the biosensor undergo a momentary transition from the ground state to a
virtual state. Transitions are related to the biochemical composition. Enhanced Raman
scattering, utilized in surface-enhanced Raman spectroscopy (SERS) (5-13), results
when the transition is immediately to a vibrational level of the ground state. Therefore,
the spectral information captured by SERS biosensors is a unique molecular fingerprint
which can be used to identify molecules-of-interest in a label-free manner. For example,
biologically functional gold nanocrescent antennae utilized as SERS biosensors (9). For
sensing of Rhodamine 6G, vibrational peaks (ex. 615 cm™), corresponding to the
aromatic ring bending and stretching of Rhodamine 6G, were shown to be significantly
enhanced, with an estimated Raman enhancement factor of larger than 10 using this
SERS biosensor. Magnetically controlled magnetic-gold nanocrescent antennae have
also been fabricated to enable external control of the position and orientation of the
SERS biosensors. The orientation of asymmetric biosensors has been shown to be
absolutely critical for enabling large local field enhancement and therefore high
biosensor sensitivity (8).

Conclusions

In this dissertation, on-demand gene silencing of endogenous intracellular genes
using antisense DNA was demonstrated. In addition to antisense DNA, siRNA is also
known to inducing silencing effects. Therefore, biologically functional cationic
phospholipid-gold nanoplasmonic carriers that are compatible with and capable of
carrying siRNA cargo were also fabricated. Using biologically functional cationic
phospholipid-gold nanoplasmonic carriers of siRNA, on-demand gene silencing of
endogenous intracellular genes by siRNA was demonstrated. In addition to inhibitory
effects, genes can also be expressed on-demand using nanoplasmonic optical
antennae. A transcriptional pulse of target gene expression was generated using
siRNA-conjugated nanoplasmonic gene switches of different aspect ratios to selectively
and temporally manipulate the activities of repressors and activators upstream from the
target gene. Equipped with new nanoplasmonic optical antennae to directly probe the
intracellular space, quantitative and systematic approaches should capture many
dynamic activities within the living cell that were otherwise previously impossible to
detect using conventional methods.
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