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Abstract

Biomolecular Plasmonics: Fundamentals and Applications
by
Soon Gweon Hong
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Luke P. Lee, Co-chair
Professor Liwei Lin, Co-chair

Decades of extensive research into metallic nanostructures have deepened our
understanding of plasmonic phenomena. In turn, plasmonics have been utilized in various
applications in a broad range of research fields. Plasmonic-aided biomolecular detection is
highlighted due to its ability to obtain biomolecular fingerprint information in a non-invasive, in-
situ, and single molecule resolution manner. However, its applicability to various fields still
faces practical limitations such as reliable plasmonic structure fabrication, signal instability (or
blinking), and signal variation amongst different plasmonic structures for the same molecule. In
this respect, this thesis discusses the fundamentals of plasmonic phenomena and molecular
interaction with excited plasmonic structures.

Here we demonstrate the designs of plasmonic structures: eagle-beak nanoantenna, gold
nanoflake on photonic crystal, and gold viruses. The first two are for large-area uniform
substrates that enable single-molecule sensitivity. The last one is a mobile nanoparticle that
continuously interacts with a cellular system with multiple functions including molecular
imaging, targeting, and drug delivery. We also suggest preconcentration-based non-blinking
single-molecule detection. Electric and temperature fields were considered in moving molecules
towards excited nanostructures. By using an eagle-beak nanoantenna, we demonstrate single-
molecule, non-blinking surface-enhance Raman scattering. Furthermore, variation of molecular
scattering from a curved Poynting vector and depolarized scattering from nonparallel electron
motion to incident light are discussed as a new molecular detection scheme. Lastly, we provide a
design concept that utilizes temperature and a thermal gradient to activate carrier molecules on
nanoparticles, in particular for extrinsic gene delivery. By varying the thermal profile around
plasmonic structures, diverse gene activation schemes are available for biological experiments.

When the electric and thermal fields around excited plasmonic structures are considered
in terms of gradients and vectors, we can enhance detection capabilities while conferring
multiple functionalities to structures. We believe this series of new approaches to plasmonic-
aided molecular detection can elevate molecular imaging potential in real fields, and further
expand to other types of applications such as plasmonic energy harvest, optical communication
and biomedical applications.
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List of Figures

Figure 1.1. A metallic nanostructure whose size is similar to or smaller than optical
wavelength generates a group oscillation of free electron and consequently expresses two
physical forms to a surrounding medium: electromagnetic scattering and heat dissipation.
Also, the difference of electric and thermal conductivity in the interface of nanostructure
causes strong gradient formation of electric and temperature around the nanostructure. ........ 2

Figure 1.2. Outline of this thesis. Improved molecular detection schemes will be discussed
by using various aspects of plasmonic expressions. In addition of strongly amplified optical
field, the gradients of electric and thermal field will be studied for molecular
preconcentration in the hot spots, and also depolarization induced by electron motion
nonparallel to incident light will be studied for molecular detection by a polarization
CONLrast Or SPECLral VArTATION. ..........oiiiiiieiie e 5

Table 1.1. Physical expressions from excited plasmonic structures. In addition to optical
field amplification, many interesting physical points are found from the physical
expressions which can be useful for various applications as listed. ............cccccveninininininnn, 3

Figure 2.1. Schematic diagrams for highly enhanced stable SERS signal via eagle-beak
nanoantenna. (A) The eagle-beak nanoantenna concentrates target molecules to the nearby
volume around the nanoantenna during plasmonic excitation. More molecules concentrated
around the SERS-enable volume generate higher and more stable SERS signal. (B) SEM
images of fabricated eagle-beak nanoantenna structures which consist of a bent polymer
pillar and asymmetric tapered gold layer. (C) A strong hot-spot is generated around the
edge at the side wall and the tip. Electromagnetic energy ( ) harmonically propagates along
the structure and is focused at the tip. (D) Asymmetric bent metal layer dissipates heat to
surrounding media, making asymmetric thermal gradient. Thermal diffusion along thermal
gradient concentrates molecules around the bottom of the eagle-beak with fluidic motion
induced by thermal buoyant force. (E) The focused E-field decreases exponentially in the
media, and its gradient amplitude can overcome the lower limits of possible particle size set
by conventional optical trapping. Tip-based eagle-beak nanoantenna can trap nanometer-
sized molecules to the strong hot-spot with this mechanism. ..o, 9

Figure 2.2. Optical response of eagle-beak nanoantenna. (A) Schematic diagram of
electromagnetic (EM) power flow along the tapered metal layer. This power propagation
results in the strongest hot-spot at the tip and weaker hot-spots along the two long edges.
The geometric dimensions (the length: 550 nm, the diameter: 120 nm) were decided by
fabrication constraints and tuning the plasmonic resonance to visible light (B) Simulated
electric-field distribution around optically resonated eagle-beak nanoantenna. E-field
enhancement reaches three orders of magnitude at the tip. (C) Simulated E-field intensity at
the tip of the designed eagle-beak versus excitation wavelength. Bottom-to-top incidence
(black line) focuses more EM power to the tip than top-to-bottom incidence (red line), both
iv



have a polarization parallel to AA’ line in (A). Perpendicular polarization doesn’t form
strong enhancement at the tip (blue line). (D & E) SEM images of fabricated eagle-beak
nanoantenna. The scale bar in the image is 500 nm. Oblique deposition of gold on laser
interference pillar substrate (annotated arrow) fabricated eagle-beak structure forms an
asymmetric nanoantenna. In the top view e, parallel polarization (||) to the eagle-beak tip is
shown as blue line, and perpendicular polarization in red. Due to the asymmetry, eagle-
beak nanoantenna array has a strong polarizability in the optical response as shown in
simulation results. (F) Measured extinction spectra on eagle-beak array by varying
polarization angle of incident light. The contour map shows strong resonance of the array
to parallel polarization incidence (||), while perpendicular polarization incidence (T) doesn’t
generate clear resonance in the wavelength range. (G) Measured extinction spectra for
parallel, perpendicular and random polarizations. The random polarization results in the
exact average of the ones of parallel and perpendicular polarizations. ............cccceoveiiiinennn.

Figure 2.3. Proposed mechanism of preconcentration. (A) Schematic diagram of thermal
diffusion based preconcentration. Thermal gradient generated by hot bent eagle-beak and
cold substrate gathers target molecules nearby the eagle-beak. (B) Free convection flow
around the eagle-beak. Convective flux of target molecules is 1e-6 m/sec around the top of
eagle-beak. (C) Thermal diffusion caused by photothermal effect on the substrate. Its flux
reaches -1 to -2 orders of magnitude for nanometer-sized molecule (DT: 10-10~10-9
(m2/sec/K)), which is much higher than convective flux. (D) Schematic diagram of
plasmonic trapping. A defined volume has a positive trapping force where (Thermal
diffusion force) < (Plasmonic trapping force). (E) Normalized flux comparison from
thermal diffusion and plasmonic trapping. In the tip-based hot-spot, the electric-field
gradient has potential to generate strong plasmonic trapping forces which overcome
therMal dITTUSTON. ...t sre e e nnee e

Figure 2.4. Eagle-beak SERS response to polarized laser and high-sensitivity SERS results.

(A) Experimental scheme of SERS polarizability. The used 785nm CW diode laser has
inherent 10:1 polarization ratio. A Benzenthiol (BT) coated eagle-beak substrate was put on
a rotation stage of an inverted microscope, and was rotated in XY plane. (B) Measured BT
SERS spectra in the experiment described in (A). ImW laser power and 1sec integration
were used. Parallel polarization (defined in Fig. 2.2) generated the strongest SERS signal,
while perpendicular one did not show a clear Raman spectrum. (C) Peak intensities at
1584cm-1 in b agree well with a sinusoidal curve having 180° period. The results in b & c,
along with the polarization-dependent optical response in Fig. 2.2, suggest that the
fabricated eagle-beak substrate is well matched to the design and that hot-spots are located
in the designed areas. (D) For a test of sensitivity or detection limit, methanol-based 1,2-
Bis(4-pyridyl)ethylene (BPE) solution was measured on the eagle-beak substrate. 1mW
laser power, 10sec integration, the optimal sample angle to the laser polarization were used.
1fM~10pM concentrations were prepared and measured. The SERS signals linearly
increased according to the concentration. The detection limit of MeOH-BPE reached 1fM
with a good signal-to-noise ratio. For a comparison, 0.5M MeOH-BPE were measured in
the same conditions but without the eagle-beak substrate. (E) Analytically calculated SERS
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enhancement factors by the definition shown in the plot. The average enhancement factor
in femto-mol concentrations reaches to the factor of 14..........cccccce e

Figure 2.5. Temporal stability of SERS signal. (A) Time-resolved spectra of 1fM MeOH-
BPE. The same experimental conditions were used. Subsequent spectra show a continuous
increase of SERS signal and stabilization in a few seconds upon 785nm laser excitation. (B)
Repeatable signal increase/saturation of SERS signal by laser excitation. Repeating open
and close laser shutter showed the same repeating of signal increase and saturation. The
target molecule is considered to gather during the laser excitation and scatter after the
excitation in the solultion. (C) Experimental scheme for analyzing concentration
distribution change by eagle-beak substrate excitation of 785nm laser. Two opposing 20x
objectives were used to focus 785nm and 532nm lasers. Center to center distance of the
laser spots was changed to 0, 28, and 110 um (three true color images taken through a CCD
camera connected to bottom objective display three different laser locations). (D) Local
concentration increase by 785nm laser excitation. Fluorescence signal excited by 532 nm
laser (3-sec integration) was used to determine BPE concentration. Inset plot shows a BPE
fluorescence spectrum. 785nm laser was shined for 10 sec and off before 532nm excitation.
The intensity of fluorescence was attained by integrating the spectrum in 540 to 620nm.
Three independent experiments on different spots on the substrate showed the repeatable
increase of concentration at the 785nm laser focus spot. The area apart from the 785nm
excitation did not show any increase of fluorescence INtenSity. .........ccccecvvveveerciceesie e,

Figure 3.1. Scheme of molecular optogenetics and its relevant thermal profiles around
excited nanorod. (A & B) internalized genes on nanorod is not activated before its
detachment, but light excitation to nanorod release/activate genes to regulate gene
expression. This method by light excitation attains on-demand activation with high spatial
and temporal resolution. (C & D) the combination of temperature and thermal gradient
makes various gene activation scenarios by critical conditions of melting temperature and
molecular binding fOrce t0 NANOIOM. ..........coiiiiiiiiieee s

Figure 3.2. Thermal profiles of optically excited nanorod from multiphysics simulations.
(A) A polarized incident light parallel to nanorod major axis can induce surface plasmon
effectively and its resonant wavelength can be tunable depending on nanorod’s aspect ratio.
(B, C & D) Plasmonic excitation generates resistive heat inside nanorod, especially in the
middle part, and makes a localized high temperature region near the nanorod, and therefore
a big magnitude of thermal gradients. This result is from 20mW 785nm CW laser focused
on a 5um diameter spot. The nanorod dimension is (a,b)=(86nm, 25nm) which is
commonly available for 780~785nm excitation. (E & F) Spatial and temporal profile of
temperature and thermal gradient on the NANOTOd. ...........cooviiiiiiiiii

Figure 3.3. Modulation of thermal profiles from nanorod excitation. (A & B)

Temperature and thermal gradient change linear to laser power. Temperature is superposed

to ambient temperature with laser excitation but thermal gradient is not. For comparison, a
Vi
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melting temperature of two-order base-pair dSDNA and required thermal gradient to match
gold-thiol binding force are shown in plots. (C & D) The change of nanorod size even with
the same amount resistive heat generation results in a variety of thermal profiles. Smaller
size can make higher temperature and bigger gradient. 1x indicates a nanorod size of (86nm,
12451 01 10 RSP TRTRR

Figure 3.4. Equivalent thermo-circuit model and its analytical calculations. (A) By
defining an effective radius of sphere for the nanorod, thermal response of temperature and
its gradient can be simplified as an equivalent circuit and be calculated as shown eq. 5. The
effective radius is an average of major and minor axis of nanorod. (B) Two conditions of
T=Tn and AT=ATying can guide to find required size of nanorod and resistive heat. Here,
Tm=80 °C and ATying=3x10' °C/m. (C) For the scenarios shown in Fig. 1c, resistive heat
and equivalent radius are summarized from the eq. 5 calculation. Here electrostatic binding
force is assumed 4 order smaller than gold-thiol binding force............ccocooiiiiiniie,

Figure 4.1. Angle-dependent molecular scattering and effects of plasmonic phenomenon.
(A) Under a polarized excitation, molecular scattering can be various in terms of intensity
and spectral profile along the angle of observation. (B) Angle-dependent spectral variation
can be mimicked by the position of molecules regarding excited plasmonic structures. .........

Figure 4.2. Simulation of gold nanosphere for depolarized scattering. (A) A defined optical
geometry and 50-nm gold nanosphere. (B) Electric-field spectr show similar magnitude of
depolarized fields. (C) Dipole-like scattering of E, and quadrupole-like scattering of Ey and
E. are observed around the resonated gold NnanosSphere. ...

Figure 4.3. Measurement of angle-dependent scattering and GNP-induced spectral
variation (A) The experimental setup. By using two gratings, input and output wavelengths
were characterized. (B & C) Angle-dependent scattering change. The blue line is a normal
direction scattering, the red line is oblique angle scattering (70~809), and the black line is
normalized oblique angle scattering to normal direction scattering. (D & E) GNP influence
in molecular scattering. The blue line is without-GNP, the red line is with-GNP and the
black is normalized with-GNP scattering to without-GNP. These measurements were
normal excitation and NOrMal AELECTION. .........cceiiiiiicieiee e

Figure 4.4. Scattering spatial pattern change near gold nanosphere. (A) A defined emitter
scattering shows main scattering happens normal to dipole direction. (B) A single dipole-
like emitter near to gold nanosphere change its scattering patterns with function of position.
(C) Quadrupole-like positioning four emitters bring the scattering patterns to parallel to
o[ ToTo] (oo L[ =T £ o]0 A RS RSO TP
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Figure 4.5. Depolarized scattering from various nanostructures. (A) A random geometry
can induce a large depolarization ratio; (B) while 2-dimensional symmetric nanodisk
suppresses the depolarization scattering. (C) An array of nanodisk can only transfer the
same polarization scattering to a far field by completely suppressing the depolarization
scattering. (D) The physical reason of depolarization scattering is electron oscillation
happens at a similar range to nanostructure dimension under optical field excitation. (E) In
case of nanodisk array, the orthogonal electric field is confined around array plane like
evanescent wave of total internal reflection. ...

Figure 4.6. Depolarized scattering from a single nanodisk. The studied nanodisk is 100-nm
diameter and 20-nm thickness, and its material is supposed as gold. (A) A polarized electric
field excitation causes dipole-like parallel electron motion and quadrupole-like orthogonal
electron motion in the disk. Even with quadrupole-like oscillation, the distance between
each pole cannot suppress depolarized scattering to far field completely. (B) Parallel
electric field forms as dipole pattern around the nanodisk, while (C) orthogonal electric
field forms as a quadrupole of =m-phase shift between each pole. (D) Generated
photothermal heat is calculated separately regarding parallel electron motion and
orthogonal electron motion. (E) E; shows propagation like typical dipole scattering of
plasmonic structure, while (F) E, cannot be suppressed completely due to the distance

between each pole of E, quadrupole. (G) The field intensity of Ejand E, is compared by

integration of each electric field over a 10 times bigger area along normal direction of
nanodisk plane. The color maps of (B) and (C) are as linear, and one of (E) and (F) are
0] (o] 1 C=To I N [T JETor: 1TSS

Figure 4.7. Depolarized scattering from a nanodisk array. (A) A schematic diagram shows
how to complete suppression of E; can be involved in an array form. (B) The calculated

field intensity of E; along a normal direction of plane, showing exponential decay like

evanescent wave. The presented results in Fig. 5.3 are from a rectangular array of 100-nm
diameter nanodisk and 400-nm periodicity, if not indicated further. (C) A color map of E;
about wavelength and z-axis distance. The wavelength spectrum of E,is identical to E;
around the nanodisk plane, but E;, propagates to far field by having the same decay
constant along z axis (inset color map) independently to wavelength. (D) The decay profile
is determined only by the periodicity of nanodisk array, and a linear relation exists between

the periodicity and decay constant. The curves from left to right indicate the cases of 300,
400, 500, 600, 700, 800 nm periodicity, respectively. (E) A color map of E, about

wavelength and z-axis distance shows a dark scattering existence at the resonance
excitation. (F) Induced electric field phase at the center of nanodisk. The T1/2 phase
retardation can be related to the resonance of E, and dark field scattering of E ...................

Figure 4.8. Localized depolarization application for molecular imaging. (A) A polarized
light input can generate a confined depolarized scattering around the nanodisk array. By
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using two linear polarizers, the parallel polarization can be screened out, but only
molecular scattering excited by depolarized field can be imaged. (B) and (C) are expected
molecular imaging results by setting an analyzer parallel and cross to a polarizer. Images of
(C) will be able to image molecules only nanoscale-distant from nanodisk array or
furthermore calculate the distance of molecules from nanodisk array ..........ccccecvvvvvivernnnnnne.

Figure 5.1. Design of nanoflake on photonic crystal. A combination of gold and AAO
complex (Al,Os; and aluminum) is useful to tune optical properties by changing the
thickness of Al,O3; and maintaining gold layer thickness. For enhanced optical hot-spot
formation, a flake-like structure can be formed on the top of AAO complex, but the high
dielectric property of AAO can maintain the overall optical properties (i.e., extinction) with
the same thickness of SMo0th gold AAOD. ...

Figure 5.2. Simulated optical property (or extinction) of gold-coated AAO. (A)
Configuration of the simulation structure. The gold-AAQO consists of 15-nm gold layer
thickness, thick aluminum supports, and various thicknesses of alumina layer. The
periodicity of AAO is fixed to 100 nm since an adopted electrochemical process determines
the periodicity regardless of AAO thickness. (B to F) AAO and gold-coated AAO optical
properties for various gold thicknesses as noted in plots. The original optical property of
AAO is shown to strongly affect the optical properties of gold-AAO. .......ccccceeviveveiiieieenns

Figure 5.3. Comparison of smooth gold-AAO and nanoflake-AAO complex. (A & B)
Scanning electron micrographs for the two cases of gold AAO. (C) The two cases of gold
AAO shows identical optical extinction regardless of the gold layer morphology. Insets are
naked-eye color taken by a general digital camera. (D & E) Simulation comparison for the
two cases. Overall optical properties such as reflection and absorption show identical
spectra, while strong optical hots-spots can be formed around nanogaps in the nanoflake
Y= SRS PSS RRPPPR

Figure 5.4. Optical properties of a fabricated nanoflake set. (A) SEMs and naked-eye
colors for various thicknesses of AAO. The same morphology of gold layer was formed
regardless of thickness of AAO. The same thickness and morphology of gold layer and
different thickness of AAO produce a dynamic color change over visible light. (B)
Extinction spectra of the four nanoflake samples. The extinction was measured based on
reflection due to AAQO’s opacity. (C) A plot for simulated 1st to 3rd peaks change along
various thickness of AAO. The vertical dot lines indicate 65, 135, 195 and 275 nm, and
crossed points from 1st, 2nd and 3rd peak accord with the measured extinction resonances.

Figure 5.5. SERS measurement on the four different nanoflake samples. (A & B) high-
resolution SEM images and expected hot-spot position. The morphology of nanoflake is
expected to generate strong hot-spots uniformly over the gold surface. (C & D) The
measured extinction shows 135, 65, 235 and 195nm sequence in extinction intensity at 785-
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nm wavelength, and 785-nm SERS measurement also shows the identical sequence of
signal intensity. Conditions of SERS measurement were 1ImW 785nm CW laser, 10 sec
integration, and 1-fM 1,2-bis(4-pyridyl)ethylene MeOH solution. ...........ccccvvvviiiiiniiinieennns

Figure 6.1. Schematic diagrams of gold viruses for molecular imaging. (A) Representative
multifunctions of gold eu-viruses including targeting, delivery, imaging and sensing by
sharing viral capsid with optical antenna. The thin gold layer on viral capsid works for
optical sensing through molecular spectroscopic methods, and also enhances the other
functions by carrying extracellular material including gene, protein, small molecules,
fluorescence dyes and so on. (B) Plasmonic selectivity via various viral capsid
morphologies. Icosahedral viruses have various 3-D protein structures, as well as diameters
ranging from nanometers to micrometers, can be used to attain different plasmonic
resonances with metal layer conjugaton. (C) Plamson resonance energy transfer (PRET)
and surface-enhanced Raman spectroscopy (SERS) as plasmonic sensor applications for
molecular fingerprint spectroscopy. Plasmonic scattering spectrum of metal layers
expresses molecular absorbance of nearby target molecules by PRET mechanism.
Enhanced local electromagnetic field around the metal layer dramatically increases the
molecular Raman scattering which is from molecular vibration. ............ccccccovvniiiieiieneiiee.

Figure 6.2. Electromagnetic simulations of gold virus with comparison to a gold
conjugation on a similar sized nanosphere. To express an example of viral capsid, a
representative equation was taken from the previous literature 24, and (m, p, const) was set
to (1, 4, 3.8). Both virus and bead template were scaled to fit to 30-nm diameter. Enhanced
electric field is distributed in multiple spots around gold virus, but in a single spot around
smooth nanosphere (A & B). Bigger surface-to-volume ratio together with multiple sharp
tips induces bigger amount of electromagnetic field scattering to media and less resistive
heat inside the metal layer (C & D). These characteristics are beneficial for stable
plasmonic optical Sensor apPlICALIONS. ..........covveiiiiiiiieie e

Figure 6.3. Gold viral structure and viral activity test. Schematic structure of original virus
(A), and its conjugation with gold (D). TEM images were taken before (B) and after metal
layer attachment (E). The scale bars in the TEM images are 10 nm. The infectivity of wt-
CPMV (C) and gold-CPMV (F) was evaluated by a local lesion assay five days after
mechanical inoculation of Cowpea (Vigna unguiculata) cv. Chinese x Iron plants. The red
arrows indicate the local lesions, which are illustrated at higher resolution in the exploded
panels to the right. Taken together, the original structure as well as inherent functions can
SEHIDE MAINTAINEU. ..ottt e s e reeeeeneesreeneeenee e

Figure 6.4. Characterization of optical properties of various gold viruses. The scattering

spectra of 5-nm-gold viruses were measured in 400 to 1100 nm by conventional dark-field

spectroscope, (A) belladonna Mottle virus (BdMV) (B) brome mosaic virus (BMV), (C)

tomato bush stunt virus (TBMV), and (D) cow pea mosaic virus (CPMV) were conjugated

with gold at the same time by metal evaporation. Through further preparation, single
X
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nanoparticles were prepared on a transparent substrate (Supplementary Information).
Different sizes and topologies of the viral capsids resulted in variations in the dark-field
o 1= a0 01T 1 o SO PR

Figure 6.5. Characterization of optical properties of various gold viruses by change the
gold layer thickness. (A to C) The 2, 5, 10nm thickness of gold layer on CPMV virus
shows a dramatic change of dark-field scattering. ..........cccoovvveieeii i

Figure 6.6. Plasmonic sensing via PRET and SERS for molecular fingerprint information.
(A) Schematic illustration of PRET and SERS. Regarding PRET, light scattering of the
plasmonic particle is effectively re-absorbed by nearby target molecules, being reshaped
with inversely indented absorption spectrum of the molecules. Comparison between before
and after molecular presence around a nanoparticle provides the information of molecule’s
presence and its amount. Regarding SERS, locally-enhanced optical field increases
molecular electron vibration, resulting in an increase in Raman scattering which provides
molecular structure information. (B) Cytchrome-c PRET experiment results of 5-nm-gold
CPMV. Less than 3 uM of cyt-c can be clearly imaged by individual gold CPMVs. This is
shown as two dominant dips of 520 and 550 nm in the nanoparticle dark-field scattering
that match with cyt-c absorption spectrum. (C) Comparisons of the gold virus PRET with a
similar-sized gold-coated nanosphere PRET. (D) SERS spectra of BPE on gold CPMVs
and gold-coated nanospheres with a 5-nm gold thickness. Gold CPMV vyielded a set of
clear fingerprint information at 1200, 1615 and 1635 cm™ Raman shifts at a pico-mole
concentration of BPE, whereas gold-coated nanospheres resulted in a micromole detection.
(E) Comparison of Raman scattering intensity in a peak of 1615 cm™. The quantitative
result shows 6 orders of magnitude greater sensitivity with gold Virus. ..........ccccceevininnnnns

Figure 7.1. A plasmonic sensor built-in diagnosis chip. A plasmonic sensor array (i.e.,
eagle-beak nanoantenna) will enable precise detection of molecular fingerprints as well as
function as biomolecular separator by using photothermal heat. .............c.ccooviiiiiiiiiinnn

Figure 7.2. A microfluidic platform with plasmonic sensors will provide a precise
characterization of cellular communication by detecting secretion molecules. .......................

Fig. A.1. Metal deposition process in the eagle-beak fabrication. (A) Schematic diagram of
evaporation deposition. By changing the angle of sample to the normal direction of
deposition, oblique angle deposition can be applied. (B) Schematic diagram of bending and
edge rounding of eagle-beak during the deposition. (C) Scanning electron micrographs of
bare laser-interference pillars and eagle-beak structure after deposition, and a wafer-scale
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Fig. A.2. Process of anodized aluminum oxide. From a 2-mm thickness 99.999% aluminum
plate, a series of two step anodization and etching process results in a hexagonally arrayed
nanohole structure. The periodicity and depth of hole can be modulated by the condition of
V00 4= LA o] TSRS TRPR

Fig. A.3. Au-viruses conjugation processes. (A) After packing viruses on a glass substrate
through drop casting method, (B) thin gold layer was deposited on the top by using
electron-beam evaporator. The samples in this step were characterized for optical
properties and SERS measurement. (C) For single-particle based experiment including
PRET characterization, Au-virus particles were monodispersed on a modified glass
substrate having thiol EXPOSUIE. ........c.iiieiiee et

Fig. A.4. Electron microscope images of gold virus. (A) SEM image of gold deposited
closed packed CPMV on a glass slide. (B) SEM image of monodispersed 5-nm gold CPMV
on glass slide. (C) TEM image of 5-nm CPMV showing regular structures. All scale bars
are 100 nm; Ones of close-up image in (C) are 20 NIM. ......ccoieiireninisenee s

Fig. B.1. Schematic diagram of a setup of Raman spectroscope built in an inverted
IMUICTOSCOPE. . wutttiteeteestestete st sbe skt b et e st e e e e bt b ekt e bt b e b e st e st e s b e b e bt b e e bt e bt e bt e s e e e e b e b e b e st e et e nneene s

Table D.1. Equations involved in molecular movement around eagle-beak. Photothermal
heat induces buoyant force (F) in free convection, heat source (Q) in thermal conduction

and temperature gradient (VT) in the diffusion equation. Plasmonic trapping force which

dominantly acts around the hot-spot can be expressed as F with multiplying mobility
coefficient (4) in the diffusion equation. Diffusion coefficient and thermal diffusion
coefficient were taken from other references. Other physical factors were followed to
general properties of glass, gold and methanol. In those equations, p is density of solution,

n is dynaminc viscosity, Cp is heat capacity, k is thermal conductivity and R is reaction rate.

Table F.1. Thermal gradient (°C/m) comparison between multiphysics simulation and the
presented equation. The average of deviations is about 50%. ..........cccccveverieerveieniieseere e

Fig. G.1. Optical cross-section comparison between the resonated and non-resonated
0T Tg 0] (oo TSRS RO PP

xii

74

75

76

77

78

80

81



Acknowledgments

First and above all, I give Almighty God the Glory, Honor, Thanks and Praise for
providing me this opportunity and granting me the capability to complete my Ph.D. God was a
powerful force of encouragement through the journey of my doctoral studies at UC Berkeley and
has brought me in contact with the wonderful people who led this study. This dissertation would
not have been possible without the guidance and the help of several people who contributed their
valuable assistance in the preparation and completion of this study. | would therefore like to offer
my sincere appreciation and thanks to all of them.

| would like to express my utmost gratitude to my research advisor Dr. Luke P. Lee,
whose guidance, encouragement, understanding, and support helped me to be on the track of the
research with strong motivations. His sincere attitude and vision constantly inspired me to grow
as what I am now. | appreciate his invaluable instruction and warm supervision. | also gratefully
acknowledge the advice and guidance of my dissertation committee, Drs. Liwei Lin, Ming Wu,
and Dorian Liepmann.

| want to especially thank all of BioPOETs lab members. Researching in this amazing
research group guided me to overcome setbacks and to stay focused on my study. Especially 1
want to thank to my seniors, Dr. Yeonho Choi, Dr. Taewook Kang, and Dr. Dukhyun Choi for
their kind guidance to grow in my early stage of BioPOETSs. And | also thank to my fellows Dr.
YoungGeun Park, Dr. Seungmin Park, Dr. Jae Young Lee and all of other lab members for their
interesting supportive discussions. | also thank to my supportive friends I met during my Ph.D,
Dr. Dal Chin, Dr. Qiong Pan, and Paul Kim.

Lastly, but most importantly, | wish to thank my parents, JongMan Hong and MyungJa
Kim for the endless support and love they provided me through my entire life and for their
prayers; my gratitude to them is beyond any words. | also thank my brother, SoonYong Hong for
encouraging me to pursue this degree.

Xiii



Chapter 1

Introduction to Molecular Plasmonics

1.1. Fundamentals of Plasmonics

Plasmonics, over the last few decades, has been of great interest due to the field’s
accomplishments and it having provided practical solutions to a variety of long-standing
issues not exclusively including nanoscopic imaging [1-4], energy harvesting [5], multiple-
harmonic generation [6, 7], optoelectronics [8], plasmonic lithography °, and meta-material
applications [9, 10]. The framework through which we understand plasmonic phenomena can
be interpreted utilizing classical theories (i.e., classical electromagnetism). The fact that a
new theoretical perspective need not be developed to understand plasmonic phenomena
allowed for their rapid translation to innovative applications. For example, cloaking materials
(meta-materials) have long been things of science fiction; fantastic materials that could only
exist in our imaginations. However, due to plasmonics and its classically defined theoretical
framework, they just might be realized in the near future.

“Plasmon” (or plasma as a plural form) originally indicates a group of ionized gas-like
particles which can respond to excitation as a group oscillation to external electric or
electromagnetic field. Likewise, metallic nanostructures can hold a group oscillation of free
electron under visible light excitation [11]. Consequently, the electron oscillation expresses
two different physical forms (similar to gas plasma) of electromagnetic scattering and
resistive heat generation (Fig. 1.1). From the Maxwell equations, two energy terms are
derived to describe light-and-particle interaction (eq. 1). Here, J - E (J and E are current
density and electric field, respectively) is resistive heat and E x H (H is magnetic field) is
electromagnetic scattering.

P =[E Pav = [ J-EaV

ot eq. 1

B
P, = [ H-57dV = 3§S(E><H)-ndS

Equation 1 can be applied to all types of materials including dielectrics. However, unlike
other materials, metallic nanostructures can have large magnitudes of E and H since metallic
nanostructure can have a larger optical cross-section than its geometric cross-section. In a
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microscopic view, the large optical cross-section is caused by electron oscillation length that
is greater than the lattice length, which is different from dielectric materials. Here we will
leave other quantitative details such as the electromagnetic field and metallic nanostructure
interactions to other literatures but equation 1 contains the necessary information regarding
molecular plasmonics fundamentals (or molecular detection via plasmonics), the scope of
this thesis.

Electricfield . Temperature

low € highe | highk low k

Figure 1.1. A metallic nanostructure whose size is similar to or smaller than optical wavelength
generates a group oscillation of free electron and consequently expresses two physical forms
simultaneously to a surrounding medium: electromagnetic scattering and heat dissipation. Also,
the difference of electric and thermal conductivity in the interface of nanostructure causes strong
gradient formation of electric and temperature around the nanostructure.

1.2. Physical Expressions from Nanoplasmonics

The group oscillation of free electrons in a metallic nanostructure results in a large
optical cross-section (up to 10 times larger than the geometrically defined one). Optical
energy interacting with the nanostructures is re-radiated to the environment in two forms: an
electromagnetic field and photothermal heat. An excited plasmonic structure has been
reported to generate amplified electric fields with magnitudes more than 1000 times that of
the incident light ([E[/|Eo|~10°%) and/or increase temperature by several hundred degrees
Celsius. When those fields are re-radiated to a surrounding medium, a plasmonic structure,



due to it being a point source relative to the surrounding medium, generates large gradients in
fields by the following equations:

ar,| Q
dr l,_.,  4mkry?
dE q 1

dr r=ry B 271'80 r03

Here, Q is total resistive heat and g is local charge. For simplicity, we presently consider the
electric field as electrostatic. Since r, for nanostructures is small (10® ~ 10° meters), the
amplitude of the gradients can be significantly greater than ones for macro-structures and
therefore normally ignorable physical phenomena, in order to describe molecular dynamics

(such as thermophoresis and optical trapping), cannot be ignored.
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Molecular detection

Table 1.1. Physical expressions from excited plasmonic structures. In addition to optical field
amplification, many interesting physical points are found from the physical expressions which
can be useful for various applications as listed.



The microscopic view of plasmonic phenomena reveals another interesting aspect:
depolarized electron motion. Since electron movement in metals is not limited to the lattice,
an external electric field induces long-distance electron movement, the path of which is
affected by geometry (or boundary), yet the metals are prone to maintain zero electric field.
In the case of 2-dimensional and 3-dimensional nanostructures, electron motion cannot be
parallel to the external electric field. Since re-emitted optical field stems from the electron
oscillation, optical scattering by metallic nanostructures is depolarized compared to incident
light. Also, a larger optical cross-section than geometry section implies that electromagnetic
field does not propagate as straight around excited plasmonic structures. The bent Poynting
vector can also vary a spatial pattern of molecular scattering.

1.3. Current Researches of Plasmonic Molecular Detection

Various molecular detection schemes by using plasmonics have been demonstrated.
Here we mainly focus two schemes as they are considered the most promising approaches;
these methods are also similar to others in terms of basic mechanism. First, surface-enhanced
Raman scattering (SERS) is highlighted along with its research history. Inelastic scattering
from molecules contains molecular fingerprint information such as atomic components,
bonding types, and vibrational and rotational modes. This concept were found in 1922 by C.
V. Raman and named after him. However, the extremely low probability of inelastic
scattering versus elastic scattering (i.e., Rayleigh scattering) bottlenecked this technique, but
with the discovery of the plasmonic phenomenon, the local enhancement of the optical field
at the surface of metallic nanostructures allowed for the facile detection of surface-enhanced
Raman scattering in various applications. Due to plasmonic amplification of inelastic
scattering events in the time domain, well-designed metallic nanostructures can detect even
single molecules with a conventional optical setup [12].

Another interesting plasmonic molecular detection method is plasmon resonance
energy transfer (PRET) [13]. While surface-enhanced Raman scattering informs vibrational
spectrum, the phenomena of plamson resonance energy transfer can detect the absorption
spectrum of molecules by using a broad wavelength of light. A broad scattering spectrum
from a metallic nanostructure encodes the molecular absorption spectrum and propagates to a
far-field observer. The decoded absorption spectrum by comparing spectral change can show
molecular information in a dynamic in-situ manner [14]. Although successful detection
requires several preconditions such as matching of plasmonic scattering spectrum with
absorption spectrum of target molecules, the key function of the nanostructures is to amplify
the incident electromagnetic field.

From these two representative molecular detection methods, the key function of
plasmonic structures is amplification of the incident optical field. The high magnitude of
optical field amplification is generally an important characteristic for other plasmonic
applications (e.g., multiple harmonic generation and plasmonic energy harvesting). However,
to improve plasmonic-aided molecular detection and other applications, the understanding of
other aspects of plasmonic characteristics will be helpful.
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Figure 1.2. Outline of this thesis. Improved molecular detection schemes will be discussed by
using various aspects of plasmonic expressions. In addition of strongly amplified optical field,
the gradients of electric and thermal field will be studied for molecular preconcentration in the
hot spots, and also depolarization induced by electron motion nonparallel to incident light will be
studied for molecular detection by a polarization contrast or spectral variation.

1.4. Outline of Thesis

This thesis will discuss how to utilize physical expressions of optically excited
metallic nanostructures to improve molecular detection schemes. Particularly the thesis
contains, not in the sequence but contents-wise, four categories of (1) plasmonic structure
design and fabrication, (2) preconcentration for temporally stable molecular detection (i.e.,
non-blinking single-molecule detection), (3) non-straight Poynting vector and depolarization
scattering, and (4) photothermal physics for molecular delivery.

The plasmonic designs shown in the following chapters are eagle-beak nanoantenna,
nanoflake and gold viruses. The eagle-beak nanoantenna is designed to demonstrate
preconcentration-based single-molecule SERS and the gold nanoflake is designed as a
practical substrate for frequency selectivity and detection sensitivity. While the former two
designs are for a large-area uniform substrate, the gold virus is designed as ideal
nanoparticles for sensitive molecular detection and also multi-functions for therapeutic
purposes.

We also introduce a concept of molecular preconcentration for temporally stable
molecular detection. Since optical amplification is limited to a-few-cubic-nanometers (nm?®)
volume around plasmonic structures, the probability of molecular detection is extremely low
in single-molecule level concentrations. In chapter 2, the theoretical schemes will be
introduced to modulate molecular motion toward plasmonic nanostructures by using electric-



field and thermal gradients; thus molecular signal being stable along a time (i.e., non-
blinking).

Also, depolarization and non-straight Poynting vector will be discussed in terms of in-
depth understanding of molecular scattering as well as new molecular detection schemes in
chapter 4 and 5. In these chapters, optical field will be considered as vectors consisting of a
plane of electric and magnetic fields and Poynting vector. We believe that in addition to the
amplification of optical field, metallic nanostructures can change spectrum profile or
scattering spatial pattern which can enrich molecular fingerprint information as well as
function as a new molecular detection methods.

As another interesting application using photothermal heat, extrinsic biomolecule
delivery and activation via plasmonic carriers will be discussed in chapter 3. Metallic
nanoparticles are used as biomolecular delivery vectors due to various advantages, including
remote activation of carried molecules with a high temporal and spatial resolution. This
scheme will be discussed in terms of photothermal physics and a design method for heat
generation will be suggested to various molecular delivery schemes (specifically for gene
delivery).
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Chapter 2

Eagle-beak Nanoantenna for Nonblinking Single-Molecule SERS via
Preconcentration

Optical field enhancement is the most promising advantage of optical nanoantennae, which
enables high sensitivity of molecular detection even down to single-molecule level. However,
its temporal instability, which is rather thought as a trait of single-molecule level detection,
can be a limitation to practical applications. Here we suggest preconcentration-based
nonblinking single-molecule SERS by a new design, eagle-beak nanoantenna. Whereas
photothermal heat around optically resonated nanoantennae usually causes random signal
blinking, eagle-beak nanoantenna is to utilize asymmetric thermal profile to attract target
molecule close; and hot-spot formation around large-curvature tip in the antenna can also
function to draw target molecule nearby by high electric-field gradient. In experiments high
enhancement factor (~10"°) and low detection limit (~femtomolar) were attained without
signal blinking; time-resolvable measurement showed that the high sensitivity and stability
are from reversible preconcentration. This study indicates that a well-designed nanoantenna
can be utilized not just for optical field enhancement but for manipulating molecular
movement in various nanoscale applications.

2.1. Introduction

Raman spectroscopy has been highlighted as a powerful molecular spectroscopic
technique due to its high contrast in frequency domain, molecular fingerprint spectrum and
non-invasive detection [1]. In developing this technique, the main difficulty has been
overcoming the low intensity of Raman scattering. The discovery of surface-enhanced
Raman scattering (SERS) [2, 3] has been the most attractive and practical development for
overcoming the low signal intensity due to its simple requirements in optical setup. Even
through the exact mechanism has not been verified yet, it is generally accepted that optically
resonated metallic nanostructures (called ‘optical nanoantenna’ in comparison with macro
RF antennas) dramatically increase Raman scattering of molecules close or attached to their
surface [4, 5]. SERS, therefore, has been considered one of the main applications for
nanoantenna research.

High enhancement of the Raman signal is the main goal in SERS research, and
nanoantenna design has been considered the key to highly sensitive SERS. The ability of a
nanoantenna to strongly focus light into a volume of a few attoliters (known as a ‘hot-spot’)
is the most dominant physical phenomenon for achieving high sensitivity and resolution in
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SERS [6]. Sharp tips and close tip-to-tip distance have been the main approaches to
generating strong hot-spots [7], and metal nanostructures, randomly formed or intentionally
designed for this concept, have detected extremely low concentration of target molecules
(even down to signal-molecule level) [8, 9]. Alone however, this “nanolens” or field-
focusing function does not guarantee temporally stable detection at a single-molecule level
since the presence of targeted molecules in the attoliter hot-spot is not statistically guaranteed
at low concentrations. This suggests that nanoantennas for sensor applications should have
the additional ability of increasing the probability of molecules collecting around the hot-spot.
Here, we propose a unique nanoantenna design called ‘eagle-beak’ to detect target molecules
in single-molecule level with enhanced temporal stability. The high sensitivity and stability
are caused by locally increased concentration (or preconcentration), which we assert is from
thermal and electric-field gradients formed around the ‘cagle-beak’ nanoantenna.

2.2 Design Factors of ‘Eagle-beak’

a

Excitation light

Target
molecule

b C d e
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Figure 2.1. Schematic diagrams for highly enhanced stable SERS signal via eagle-beak
nanoantenna. (A) The eagle-beak nanoantenna concentrates target molecules to the nearby
volume around the nanoantenna during plasmonic excitation. More molecules concentrated
around the SERS-enable volume generate higher and more stable SERS signal. (B) SEM images



of fabricated eagle-beak nanoantenna structures which consist of a bent polymer pillar and
asymmetric tapered gold layer. (C) A strong hot-spot is generated around the edge at the side
wall and the tip. Electromagnetic energy (E x H*) harmonically propagates along the structure
and is focused at the tip. (D) Asymmetric bent metal layer dissipates heat to surrounding media,
making asymmetric thermal gradient. Thermal diffusion along thermal gradient concentrates
molecules around the bottom of the eagle-beak with fluidic motion induced by thermal buoyant
force. (E) The focused E-field decreases exponentially in the media, and its gradient amplitude
can overcome the lower limits of possible particle size set by conventional optical trapping. Tip-
based eagle-beak nanoantenna can trap nanometer-sized molecules to the strong hot-spot with
this mechanism.

The eagle-beak design shown in Fig. 2.1 was conceptually inspired and designed to
mimic a sharp beak shape and effectively function as a nanolens. The geometric factors and
expected functions of eagle-beak can be summarized in four parts: (1) the gradually-tapered
metal structure supports harmonically propagating electromagnetic waves and condenses a
plasmonic electron cloud at the tip, forming hot-spots and a strong electric field (E-field)
gradient (2) the metal crescent-shape structure has two sharp edges along the side wall where
hot-spots are expected to form; (3) the convex metal layer asymmetrically dissipates heat and
can thermally push molecules to a focal point around the cold substrate (4) a sharp vertex at
the end of the structure helps fluid generate vortices. The first and second factors help attain
strong hot-spots, and the third and fourth together with the first help trap molecules around
the eagle-beak as will be described later. The combination of these characteristics can
concentrate target molecules around the eagle-beak nanoantennas when excited by a resonant
incident light (Fig. 2.1).

2.3. Function of ‘Eagle-beak’
2.3.1 Local Field Amplification of Eagle-beak

In regards to the generation of strong hot-spots (a basic requirement for sensitive SERS)
the eagle-beak focuses harmonically propagating electric and magnetic fields around the
sharp tip [10]. As Fig. 2.2 shows, the strongest hot-spot occurs at the structure’s tip with
normally incident light polarized parallel to tip direction. The E-field amplitude can be three
orders of magnitude higher than that of incident light. E-field concentration can also occur
along the long vertical edges of the gold; the cross-section of eagle-beak is similar to a
conventional SERS-enhancing crescent structure as demonstrated before [11].

The plasmonic response of the eagle-beak is analogous to a macro RF antenna. When
the incident light is matched with the plasmonic eigenvalue & eigenvector of the structure,
the optical resonance results in harmonic propagation of electromagnetic energy E x H* by
forming standing waves of both electric and magnetic field (Fig. 2.2A & B). Existence of
standing waves along the longitudinal axis suggests that plasmonic resonance can be tuned
by changing the height of the eagle-beak, analogous to tuning a macro antenna’s electrical
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length [12]. Additional simulations showed that the resonance shifts with a 1:2 ratio of
wavelength to height of pillar, which also follows that of macro RF antennas.
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Figure 2.2. Optical response of eagle-beak nanoantenna. (A) Schematic diagram of
electromagnetic (EM) power flow along the tapered metal layer. This power propagation results
in the strongest hot-spot at the tip and weaker hot-spots along the two long edges. The geometric
dimensions (the length: 550 nm, the diameter: 120 nm) were decided by fabrication constraints
and tuning the plasmonic resonance to visible light (B) Simulated electric-field distribution
around optically resonated eagle-beak nanoantenna. E-field enhancement reaches three orders of
magnitude at the tip. (C) Simulated E-field intensity at the tip of the designed eagle-beak versus
excitation wavelength. Bottom-to-top incidence (black line) focuses more EM power to the tip
than top-to-bottom incidence (red line), both have a polarization parallel to AA’ line in (A).
Perpendicular polarization doesn’t form strong enhancement at the tip (blue line). (D & E) SEM
images of fabricated eagle-beak nanoantenna. The scale bar in the image is 500 nm. Oblique
deposition of gold on laser interference pillar substrate (annotated arrow) fabricated eagle-beak
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structure forms an asymmetric nanoantenna. In the top view e, parallel polarization (||) to the
eagle-beak tip is shown as blue line, and perpendicular polarization in red. Due to the asymmetry,
eagle-beak nanoantenna array has a strong polarizability in the optical response as shown in
simulation results. (F) Measured extinction spectra on eagle-beak array by varying polarization
angle of incident light. The contour map shows strong resonance of the array to parallel
polarization incidence (||), while perpendicular polarization incidence (T) doesn’t generate clear
resonance in the wavelength range. (G) Measured extinction spectra for parallel, perpendicular
and random polarizations. The random polarization results in the exact average of the ones of
parallel and perpendicular polarizations.

The fabricated eagle-beak shown in Fig. 2.2D & E agrees well with optical simulation
results including polarizability (Fig. 2.2F & G). Extinction measurements indicate that the
eagle-beak array has a strong optical resonance at 680nm for normal incidence and proper
polarization (noted as || polarization in Fig. 2.2), while perpendicular polarization did not
show a clear optical resonance. This substrate could be used for a study of Raman scattering
polarization (which provides further molecular information [13]) but here we only consider
the polarization dependence for fabrication verification and optimizing laser polarization.
Due to its plasmonic features, such as strong hot-spots and tunability, the eagle-beak fulfills
the requirements for a SERS substrate.

2.3.2. Preconcentration around Eagle-beak

As mentioned earlier, the eagle-beak nanoanteanna has been designed to increase
probability of molecular presence in hot-spots by thermal and electric-field gradients to
increase local concentration of target molecules. The reason why the two gradients can be
effective in molecular movement can be discussed based on the following equation:

j=cu—DVc—cDVT +cuF o

here j is target molecule flux (Mm/sec), ¢ is concentration (M), % is fluidic velocity (m/sec),
D is diffusion coefficient (m%sec), Dt is thermal diffusion coefficient (m*sec/K), T is
temperature (K), p is mobility (u=D/KT, k is Boltzmann constant) and F is plasmonic
trapping force (N). The eq. (1) helps compare fluidic motion, mass diffusion, thermal
diffusion and plasmonic trapping for molecular flux. Resistive heat plasmonically generated
in the gold layer induces a thermal gradient in the surrounding fluid, as well as indirectly
inducing free convection and localized vortices (Fig. 2.3B & C). Localized vortices around
the eagle-beak cause molecules to stay around the eagle-beak for a longer time where hot-
spot forms. Moreover, the thermal gradient focused into the spot surrounded by nearby
eagle-beaks results in a dominant force causing molecules to be trapped nearby eagle-beak.
Fluxes in eq. (1) suggest much clear comparison. Thermal diffusion flux, VT is much

bigger in order than convective flux, i with rough assumption of thermal diffusion
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coefficient of nm-sized molecules as the order of -9 [14]. Therefore, thermal forces cause by
resistive heat can effectively work as preconcentration around eagle-beak with the assistance
of local vortices (Fig. 2.3A).
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Figure 2.3. Proposed mechanism of preconcentration. (A) Schematic diagram of thermal
diffusion based preconcentration. Thermal gradient generated by hot bent eagle-beak and cold
substrate gathers target molecules nearby the eagle-beak. (B) Free convection flow around the
eagle-beak. Convective flux of target molecules is 1e-6 m/sec around the top of eagle-beak. (C)
Thermal diffusion caused by photothermal effect on the substrate. Its flux reaches -1 to -2 orders
of magnitude for nanometer-sized molecule (Dr: 10%°~10° (m?/sec/K)), which is much higher
than convective flux. (D) Schematic diagram of plasmonic trapping. A defined volume has a
positive trapping force where (Thermal diffusion force) < (Plasmonic trapping force). (E)
Normalized flux comparison from thermal diffusion and plasmonic trapping. In the tip-based
hot-spot, the electric-field gradient has potential to generate strong plasmonic trapping forces
which overcome thermal diffusion.
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The strong E-field gradient generation around the nanoantenna allows for optical trapping
at the nanoscale (here distinguished by being called plasmonic trapping) Conventional
optical trapping methods are not effective on particles smaller than a few hundreds-of-
nanometers mainly due to the limited amplitude of the E-field gradient formed by dielectric
lenses [15]. Because the E-field is focused at the sharp tip and decays in dielectric media
within ten nanometers from the surface, the amplitude of the E-field gradient from
nanoantennas is much higher than from conventional dielectric lenses (Fig. 2.2B). Optical

trapping equations, ( F =§?|E|: and @« o< *), imply that particles a few nanometers in size

require an E-field gradient six orders of magnitude higher compared to particles hundreds of
nanometers in size. Since the nanoantenna has the potential to achieve such a high E-field
gradient, the optical force involved around nanoantennas can be considered as a molecular
driving force.

Electromagnetic simulations show an E-field gradient of 25 orders of magnitude (V/m?)
around the eagle-beak’s tip when a 1 mW laser is focused on a 1 um-radius spot. Rough
assumptions regarding « as a 1 nm-size molecule [16] show that the flux due to the
plasmonic trapping force is several orders of magnitude higher than convective and thermally
diffusive flux (Fig. 2.3E); therefore the plasmonic trapping forces acting to collect molecules
into the hot-spot. The combination of thermal diffusion and plasmonic trapping can be
explained as ones of main physical causes of preconcentration shown in experiments later.

2.4. Fabrication of Nano Eagle-beak

Another strength of the eagle-beak antenna is that the design allows for easy batch-
sized fabrication over a large area without using any commonly-used serial fabrication steps,
like electron-beam lithography [17] or focused ion-beam [18]. The two main techniques used
are laser-interference lithography (LIL) [19] and oblique angle metal deposition. Both are
easily applied to wafer-size uniform fabrication. Because a uniformity of fabrication is
essential for reliable sensing applications, we took advantage of the highly ordered and dense
LIL pillars by using them as the initial substrate. Moreover, a high hot-spot density can be
achieved with the sub-optical period of LIL; this allows for more reliable and quantitative
detection. Here, LIL pillars were fabricated on 4 wafers with a height of 550 nm and a
period of 375 nm, which was determined by photoresist thickness and a half wavelength of
interfering laser, respectively.

An oblique angle deposition of 20 nm of gold was applied to the LIL pillars specifically at
a 35 degrees from the normal direction of the wafer to prevent the shadow of deposited gold
of each pillar from touching the bottom of its diagonally neighboring pillar (Fig. 2.2D & E).
Consequently, all gold structures on the wafer were connected by the thin gold film, which
allows the distribution of photothermal heat to a larger area and avoids the common problem
of structural deformation via melting during SERS measurements [20]. This continuous heat
dissipating thin film structure is considered a large factor in the eagle beak’s long-term
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stability. Even 10 months after fabrication, the substrate maintained the same detection limit
in the experiments described later.

2.5. Surface-enhanced Raman Scattering Measurement

2.5.1. Highly Enhanced Raman Signal via Eagle-beak

Highly sensitive Raman scattering detection is a strong application of the eagle-beak
nanoantenna due to its high E-field enhancement, and can be indirectly used to
experimentally address the nanolens functionality. First, SERS of benzenethiol adsorbed on
the gold surface was measured by fixing laser polarization and rotating the sample (Fig.
2.4A). As expected, we observed a change of Raman spectra depending on the sample
rotation angle. The highest intensity was measured in the parallel polarization, while the
perpendicular polarization did not result in a clear spectrum (Fig. 2.4B). The polarization
dependence of Raman scattering intensity which is well fit to a sinusoidal curve of 180°
period (Fig. 2.4C), along with the optical extinction measurement, show that the fabricated
eagle-beak substrate has optical characteristics matched to the simulation.

A SERS sensitivity test was done by measuring methanol-based 1,2-Bis(4-
pyridyl)ethylene (BPE) at the optimal sample rotation angle. The concentrations of BPE
tested ranged from 1 fM to 10 pM for SERS measurements (Fig. 2.4D), and the
measurements of each concentration clearly showed a characteristic spectral fingerprint at
1200, 1617 and 1636 cm™ [21] with good signal-to-noise ratios (i.e. at 1 fM, SNR is around
36). For comparison, Raman spectra were measured from 0.5 M BPE with no enhancing
substrate. The analytical enhancement factor defined in Fig. 2.3 reached a factor of 10 at
1220cm™ peak (Fig. 2.4E). In order to confirm that the SERS EF was the result of the eagle
beak structure and not merely gold grains, different-sized photoresist pillars on the same
quart substrate were Au coated together with the eagle beak. These pillars showed no optical
resonance at 785nm and SERS measurements in concentrations up to 1 pM BPE showed no
clear Raman signals. The huge eagle beak EF, which has not previously been reported in a
uniform SERS substrate, as well as detection of femto-mol concentrations, demonstrates the
high sensitivity of the eagle-beak structure down to single-molecule level detection.

2.5.2 Temporal Stability of SERS via Eagle-beak

In addition to the high sensitivity, the eagle-beak structure gives high SERS signal
stability in MeOH-BPE solution. While many examples of single-molecule detection suffer
from signal blinking [8, 22], the enhanced Raman signal by the eagle-beak did not show any
significant temporal fluctuation even in concentrations much less than the lowest
concentrations previously reported. To determine the temporal stability of the Raman
spectrum, contiguous 1-sec integrations were measured from a fixed 1 pm? area centered at
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the laser spot by opening and closing the laser shutter (Fig. 2.5A & B). The continuous
Raman spectra showed an initial signal increase and stabilized a few seconds after opening
the laser shutter. Not only was the signal constant, but this result suggests reversible
preconcentration of target molecules at the laser spot with no adsorption on the nanoantenna
surface.

Another experiment was performed to determine molecule preconcentration during
optical excitation of the eagle-beak substrate (Fig. 2.5C). Two objective lenses were used to
focus 785 and 532 nm lasers (from above and below respectively) onto the eagle-beak
substrate which was immersed in 10 pM MeOH-BPE. The 785 nm laser was used to excite
plasmonic phenomena on the eagle-beak substrate, while the 532 nm laser was used to excite
the BPE and profile its spatial distribution by its fluorescence. When the fluorescent
excitation (532 nm laser) spot overlapped the 785 nm excitation area, the fluorescence
intensity was increased, indicating higher concentration of BPE (Fig. 2.5D). Also, the
fluorescent intensity took 2~3 seconds to return to its previous level after extinguishing the
785 nm laser. This result supports reversible molecular preconcentration occurring only
during the plasmonic excitation of the eagle-beak.
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Figure 2.5. Temporal stability of SERS signal. (A) Time-resolved spectra of 1fM MeOH-BPE.
The same experimental conditions were used. Subsequent spectra show a continuous increase of
SERS signal and stabilization in a few seconds upon 785nm laser excitation. (B) Repeatable
signal increase/saturation of SERS signal by laser excitation. Repeating open and close laser
shutter showed the same repeating of signal increase and saturation. The target molecule is
considered to gather during the laser excitation and scatter after the excitation in the solultion.
(C) Experimental scheme for analyzing concentration distribution change by eagle-beak
substrate excitation of 785nm laser. Two opposing 20x objectives were used to focus 785nm and
532nm lasers. Center to center distance of the laser spots was changed to 0, 28, and 110 um
(three true color images taken through a CCD camera connected to bottom objective display
three different laser locations). (D) Local concentration increase by 785nm laser excitation.
Fluorescence signal excited by 532 nm laser (3-sec integration) was used to determine BPE
concentration. Inset plot shows a BPE fluorescence spectrum. 785nm laser was shined for 10 sec
and off before 532nm excitation. The intensity of fluorescence was attained by integrating the
spectrum in 540 to 620nm. Three independent experiments on different spots on the substrate
showed the repeatable increase of concentration at the 785nm laser focus spot. The area apart
from the 785nm excitation did not show any increase of fluorescence intensity.

2.6. Conclusion

In this study, we demonstrated a potential function of manipulating molecular motion by
field gradients around excited nanoantennae, especially for low-concentration molecular
detection. The gradually tapered asymmetric eagle-beak nanoantenna achieved single-
molecule SERS detection. Based on simulation and experiments, the eagle-beak nanoantenna
generates strong hot-spots at the tip and along the long edges. Time-dependent SERS
measurements and fluorescence-based concentration distributions strongly suggest that
increased local concentration is a large factor in increasing the SERS enhancement as well as
producing temporally stable signals. We also analytically support the hypothesis that the
preconcentration mechanism is due to thermal and electric-field gradients around the
nanoantenna. . From this study, preconcentration-based sensitivity and stability in molecular
detection can enhance a next generation of high-sensitivity single-molecule detection, and
expand to various nanoplasmonic applications including plasmonic energy harvest, optical
communication, and biomedical applications.
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Chapter 3

Photothermal Physics for Optical Gene Regulation

Regulating gene expression by introducing foreign genes to individual cells has a great
potential in fundamental biological science[1-3] to gene therapies[4-6] since complexity of
cellular expression is managed by relatively simple biological information flow from DNA.
The more advanced controllability in time and space domain of gene expression assures the
more understanding in biology as well as highly efficient therapy tool in medical applications.
In this respect, gold nanoparticle can be considered as the most versatile and efficient carrier
due to the characteristics studied here. In brief, photothermal effect on gold nanoparticle
modulates thermal profiles such as temperature and its gradient with high temporal and
spatial localization. Also, variation in nanoparticle size and excitation light intensity provides
the further controllability on the temperature and thermal gradients. Together with available
surface chemistry, gene delivery with gold nanoparticle carrier will be a strong platform
having versatile gene delivery scenarios.

3.1 Introduction

Temporal controllability as well as spatial controllability in gene regulation must be
attained to make a clear blueprint on the complexity. Among various gene carriers, gold
nanoparticle is considered as the most versatile and efficient for the spatio-temporal
controllability. The studies here can be a stepstone toward an important factor by
understanding photothermal effects on nanoparticles, and furthermore suggest guidance
toward the experimental design.

A recombinant virus containing gene of interest is considered as the most common
vector for gene delivery, and has been demonstrated in various research and therapy fields.
However, the inherent severe side effect including immune response and insertional
mutagenesis (sometimes leading to death, carcinogensis or germ-cell-line alterations)
encourages alternative methods for nonviral vectors; including polymers[7], dendrimer[8],
liposome[9], nanotubes[10] and metal nanoparticles. Among them, metal-nanoparticle-based
carrier is considered as the most versatile and efficient.
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3.2 Advantages of Gold Nanoparticle based Gene Delivery

The benefits of gold nanoparticle for gene delivery system are summarized as: 1) various,
selective and efficient conjugation methods for biomolecules on metal nanoparticle[11] 2)
highly localized ion concentration around gold nanoparticle protecting genes from
degradation[12, 13] 3) convenient multiplex loading of various drugs including targeting
agents[14] 4) controllability of cellular uptake and circulatory period[15-17] 4) remote
optical triggering for drug activation[18-20] 5) capability in plasmonic sensing
applications[21-23]. These characteristics are from material properties, nanoscale particle,
various size and shape, and plasmonic characteristics of nanoscale optics. For the remote
optical triggering, a light of not interfering with cellular biomolecules can effectively provide
a signal to release/activate genes from nanoparticle surface[18], therein accomplishing high
temporal (< sec) and spatial (< um) controllability of gene regulation (Fig 3.1A & B). So far,
however, theoretical descriptions have been limited to ultrashort pulse laser excitation[24,
25], but the theoretical understanding of gene activation using common CW NIR lasers (i.e.
laser pointer), which can expand diverse biological and medical applications, is in critical
demand.
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Figure 3.1. Scheme of molecular optogenetics and its relevant thermal profiles around excited
nanorod. (A & B) internalized genes on nanorod is not activated before its detachment, but light
excitation to nanorod release/activate genes to regulate gene expression. This method by light

20



excitation attains on-demand activation with high spatial and temporal resolution. (C & D) the
combination of temperature and thermal gradient makes various gene activation scenarios by
critical conditions of melting temperature and molecular binding force to nanorod.

Here, we suggest a mechanism derived from photothermal heat as a potential of
releasing attached DNAs. If a time scale of interest is more than seconds, the photothermal
effect is a dominant physics in the light-particle interaction. As studied in most
literatures[24-26], a gold nanorod is chosen here as a representative nanometallic carrier.
When a nanorod is excited by a resonant wavelength (see Supplementary Discussion), free
electrons on metal are strongly oscillated in a group motion (this is dominantly distinguished
from bulk metal structures). Then, two unique phenomena are followed around excited
nanoparticles; locally enhanced optical field and highly generated resistive heat (Fig. 3.2).

3.3 Photothermal Heat from an Excited Nanorod

In the classic view of electromagnetics, two energies are expressed from
electromagnetic field and particles interaction as shown in eq. 1.

oB oD
Protal = Pradiative T Presistive = f H - E dav +f E- E dav
\%4 %4

=¢ (ExH)-ndS+ [, J-EdV eq. 1

Here H is magnetic field, B is magnetic flux, E is electric field, D is electric displacement,
and J is current density. Among plasmonic applications, the first energy term (Pagiative) 1S
critical for most sensing applications due to its optical field dependency, and the second term
is a critical physics for photothermal applications including cancer therapy[27, 28] and also
this optogenesis application. By combining heat transfer through convection and conduction
with the resistive heat generation in electromagnetics, thermal profiles in surrounding media
can be attained (Fig. 3.2C to F). Vigorous motion of electron are mostly induced in the
middle part of nanorod being expressed as localized heat generation in nanorod, but high
conductivity of gold (kgiq=317 W/m°C) makes uniform temperature over the nanorod within
a time scale of interest (~pico-second). In contrast, low conductivity of water (Kyaw=0.595
W/m-LC) results in a localized high-temperature area in the media (i.e. water) around the
nanorod. Here, we find a non-ignorable physics called thermophoresis commonly being paid
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little attention to in a macroscale. As an example, the amplitude of gradient reach to more
than 1E9 °C/m in a general experimental condition at the steady state (i.e. 20mW 785nm CW
laser focused on a 5um diameter, see a method in Supplementary Information).
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Figure 3.2. Thermal profiles of optically excited nanorod from multiphysics simulations. (A) A
polarized incident light parallel to nanorod major axis can induce surface plasmon effectively
and its resonant wavelength can be tunable depending on nanorod’s aspect ratio. (B, C & D)
Plasmonic excitation generates resistive heat inside nanorod, especially in the middle part, and
makes a localized high temperature region near the nanorod, and therefore a big magnitude of
thermal gradients. This result is from 20mW 785nm CW laser focused on a 5um diameter spot.
The nanorod dimension is (a,b)=(86nm, 25nm) which is commonly available for 780~785nm
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excitation. (E & F) Spatial and temporal profile of temperature and thermal gradient on the
nanorod.

Time resolvable study shows the temperature of nanorod reaches to the steady state
(around 95 °C) within less than 1 pico-second[29] (Fig. 3.2F). Even in the steady state, high
temperature is still spatially localized within 1-um distance from excited nanorod.
Temperature gradient is much swiftly changed in time and space. It is noticeable that this
result is under comparatively mild conditions without any short pulse laser excitation. This
result confirms that the previous studies of on-demand optical activation by using continuous
wave laser with milli-watt power could result in a fast triggering of molecular releasing [18,
20].

3.4 Gene Activation by Photothermal Physics
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Figure 3.3. Modulation of thermal profiles from nanorod excitation. (A & B) Temperature and
thermal gradient change linear to laser power. Temperature is superposed to ambient temperature
with laser excitation but thermal gradient is not. For comparison, a melting temperature of two-
order base-pair dsDNA and required thermal gradient to match gold-thiol binding force are
shown in plots. (C & D) The change of nanorod size even with the same amount resistive heat
generation results in a variety of thermal profiles. Smaller size can make higher temperature and
bigger gradient. 1x indicates a nanorod size of (86nm, 25nm).

Now, a diversity of thermal response from nanorod-light interaction can be considered for
various carrying and releasing scenarios (Fig. 3.1C & D). First, adjustment of laser power is
one of ways controlling resistive heat amount (Fig. 3.3A and B). As the law of energy
conservation, heat generation from an excited nanorod is linear to laser power within a
certain range of laser power of not damaging nanostructure. As shown Fig. 3.3A, the
temperature is linear to the power of laser, with being superposed to ambient temperature.
Also, the magnitude of thermal gradient is linearly dependant to laser power, but not clearly
related to ambient temperature (Fig. 3.3B). This trend will be explained in an analytical way
later. If releasing mechanism be schemed as melting to release a single strain from thiolated
cargo DNA (Fig. 3.1C), this requires the condition of T>Tye: & Fpr<Fging Which is
conveniently attainable in this scheme.

To compare the amount of F; and Fg;g, @ convenient index can be defined from forced
diffusion equation.

J =Jconw +]Diff + Jrorcea = (u-c) + (_D ' VC) +c- (:u * Fgina — Dr VT)
eq. 2

Here, J is total flux, Jcony IS convection flux, Jpir is diffusion flux, Jrgceq 1S forced flux
including binding force and thermophoresis. And u is fluid velocity, c is concentration, D is
diffusion coefficient, p is mobility (u=D/KT, k is Boltzmann constant), Fg;.q is binding force
between nanorod and gene, D+ is thermal diffusion coefficient and T is temperature. During
initiating gene detachment from nanorod, the first two term of Jc,,, and Jpi¢ can be ignored,
and u - Fginq and Dy - VT can be compared. Now we get the index variable shown in eq. 3.
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Isep = eq.3

In case of thiolated dsDNA delivery scheme, I, is about 2E-4 (%:0.01 /°C[30], VT=6E9

°C/m at T=100 °C and Fgj,q=1.4E-9 N[31]) and so the thiol binding on gold is strong enough
to overcome thermophoretic force and to only release a single strain by melting.

Changing overall size of nanorod can be another way to vary thermal response. Now we
can assume the amount of resistive heat from nanorods due to controllability of laser power
to produce a certain amount as shown in Fig 3A. As shown in Fig. 3.3C & D, thermal profile
can be more dynamic from changing the size along with resistive heat amount. Overall trend
is that bigger nanorod requires more resistive heat generation to attain a certain temperature
but generates less magnitude of thermal gradient. This result indicates that localization of
heat generation is important factor to nanorod temperature and thermal gradient in media.

This trend is more directly elucidated by using an equivalent circuit concept as shown Fig.
3.4A, and a simplified calculation at a steady state can be derived by assuming the nanorod
as an effective sphere. The radius of the effective sphere is calculated as an average of major
(a) and minor axis (b). Then, thermal flux Q from sphere to media (where the temperature is
Tin) IS assumed to go through an equivalent thermal resistance of R. From the Fig. 3.4A, the
relevant equation are summarized as eq. 4[32].

_ (Tr=Tiny) 1
Q o R R = ATtkr eq. 4

From eq. 4, temperature and thermal gradient at the interface of sphere and media is attained
as eg. S.

Q
Trly=r, = Ting + pp— eq. 5a
4t — f. [_ Q ]
ar ly=r, =/ 4ATkT)? €q. 5b
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Here, k is thermal conductivity of media (W/m-%), r, is the effective radius of the sphere (m).
In eq. 5b, non-uniform distribution of thermal gradient on nanorod surface (Fig. 3.2D) makes
a necessity of an empirical geometry factor of f for % ] =f- [ﬂ ]

"r=rolanorod ar fr=r, sphere
As discussed in supplementary information, f for this nanorod is 2. The eq. 5 provides clearer
picture for Q and r, (therefore providing nanorod size). As an example, one calculation result
is shown in Fig. 3.4B, denoting Tica IS @ melting temperature for 2-order base-pair ddDNA
(here, 80 °C) and VTiica @im a thermophoretic force to match an electrostatic force which is
4 order less than Au-S binding force (here 3e10 °C/m). From conditions of T=Tca and
VT= VT iica, the four regions are distinguished as shown in Fig. 3.4B, which are X=(no melt,
detach), Y=(no melt, no detach), Z=(melt, no detach), W= (melt, detach). From this plot, a
critical dimension of nanorod of which r is equal to 30 nm is found, and therefore nanorod
axis (a, b) is (46 nm, 14 nm) (Fig. 3. 4C).
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Figure 3.4 Equivalent thermo-circuit model and its analytical calculations. (A) By defining
an effective radius of sphere for the nanorod, thermal response of temperature and its
gradient can be simplified as an equivalent circuit and be calculated as shown eq. 5. The
effective radius is an average of major and minor axis of nanorod. (B) Two conditions of
T=Tm and AT=ATbind can guide to find required size of nanorod and resistive heat. Here,
Tm=80 °C and ATbind=3 1010 °C/m. (C) For the scenarios shown in Fig. 1c, resistive heat
and equivalent radius are summarized from the eq. 5 calculation. Here electrostatic binding
force is assumed 4 order smaller than gold-thiol binding force.

3.5 Conclusion

In this study, thermophysics of excited metal nanoparticle (i.e. nanorod) was discussed in
the view of the optogenetics application. The resistive heat from plasmonic resonance can
generate thermophoretic force comparable to electrostastic binding, and localized high-
temperature field to melt dsDNA on a nanorod, therefore capable of various
delivery/activation scenarios. This discussion together with the equivalent thermo-circuit
model can guide in choice of metal nanoparticle and resistive heat amount, and furthermore
is applicable to various nanoscale thermophysics of biophotonics, nanoelectronics, plasmonic
sensor, nanofluidics and energy nanotechnology.
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Chapter 4

Depolarization of Plasmonic Scattering

Large optical cross-section and electron oscillation generate unique optical properties of
metallic nanostructures. Locally amplified optical field is a representative characteristic
enabling various applications including molecular imaging. However, considering light as 3-
dimensional vector geometry can find other unique potential of metallic nanostructure.
Depolarized scattering and curved Poynting vector are distinguishable optical geometric
factors around optically excited metallic nanostructures. First, we demonstrate the effects of
curved Poynting vector (or out-of-plane depolarization) on molecular scattering profile. It is
known that molecular scattering has spectral variation along observation angles. Since
resonating plasmonic nanoparticles can induce a curved Poynting vector, the spectral
variation between presence and absence of plasmonic particles around fluorescence
molecules should be similar to spectral variation between normal and oblique angle
excitation. Experimentally and numerically we verified this spectral variation. Second,
depolarized electric-field scattering is studied as a new molecular detection scheme. Even
though the orthogonal component of electron motion to incident polarization usually happens
as high-order poles and the electron motion is not much expressed as far-field scattering, far-
field observers still observes a level of depolarization from metallic nanostructure scattering.
Herein, we suggest a regular array of nanodisk to confine the depolarization scattering
around the array plane and the usefulness of confined depolarization zone as a new molecular
detection scheme. Thus, in addition to optical field amplification, 3-dimensional optical
geometry will provide further flexibility and in-depth understanding in molecular detection.

4.1. Introduction

The light interaction with nanoscale metallic structures expresses distinctive physical
phenomena from bulk structures [1, 2]. The uniqueness is mainly caused by nanoscale
confinement of free electron motion. Since the nanoscale is smaller than or similar to the
optical wavelength, resonant oscillation of free electron in a group motion results in strong
scattering of light and photothermal heat generation. These two distinctive phenomena have
been utilized for various applications such as molecular detection [3-5], plasmonic energy
harvest [6], multiple harmonic generation [7], photothermal therapy [8] and optoelectronics
[9, 10].

The listed applications are based mainly on the amount of absorbed light and a
magnitude of scattered electric field or generated heat. Since electromagnetic wave (or
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radiation) is three-dimensional comprising electric field, magnetic field and propagation
vector, electromagnetic vectors can underpin other uniqueness or usefulness of plasmonic
applications. Polarization can be one of representative examples as will be discussed here.

Since free electron movement is much larger than metal lattice size under an
excitation of optical field, electron motion is strongly affected by boundary shape, therefore
overall plasmonic response being related to boundary shape. It is a key difference from
dielectric materials which has only parallel oscillation of electron to incident polarization. As
shown in Fig. 5.1A, free electron motion is influenced by the combination of external electric
field and boundary shape to suppress local charge inside metal. Thus, scattered field from the
electron oscillation should include a certain amount of depolarization. Also if the depolarized
scattering from objects propagates to a far field, the depolarization can be observed among
plasmonic structure scattering, as several literatures discussed [11-14].
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Figure 4.1. Angle-dependent molecular scattering and effects of plasmonic phenomenon. (A)
Under a polarized excitation, molecular scattering can be various in terms of intensity and
spectral profile along the angle of observation. (B) Angle-dependent spectral variation can be
mimicked by the position of molecules regarding excited plasmonic structures.

4.2 Molecular Spectrum Variation around Excited Plasmonics

Mainly enhancement of molecular scattering by using optical field enhancement has
been researched for fluorescence and Raman scattering [15-18]. At the same time, variation
of spectral difference from enhanced molecular scattering has been also reported. While 2-
digit information (i.e. resonance peak frequency, bandwidth and overall photon number) can
still yield molecular structure information, the detail characterization in spectral profile can
enrich fingerprint information showing molecular orientation, stretching, bending and
rotation. The observed change of spectral profile in previous literatures can be supported by
relative position of molecular position to amplified optical field vectors like electric field and
Poynting vector. To study the effect of optical field generated by excited nanostructure on
molecular scattering, a set of resonance-matching nanoparticle and fluorescence molecule is
investigated here.

4.2.1 Spatial Pattern of Molecular Scattering Spectrum

Fig. 4.1A shows molecular scattering can be variable in different observation angles,
which is caused by dipole-like emission pattern, multiple energy level, internal energy
conversion, molecule rotational time, fluorescence life time and so on. Since dielectric media
maintain optical field polarization along light pathway, molecules in a dielectric medium are
excited as mostly being parallel to incident electric field, and therefore different angles of
observation causes a change of scattering spectrum. This spectral variation can be mimicked
in the comparison between presence and absence of metallic nanoparticles which have a
frequency resonance to excite molecular scattering, since large optical cross-section of
nanoparticles necessitates light to be focused and bent toward the nanoparticles, and
molecular excitation non-parallel to incident electric field is around the nanoparticles (Fig.
4.1B).

In this study, we used 50-nm gold nanosphere as metallic nanoparticle and rhodamine
B as a molecular emitter, both of which have the similar wavelength of excitation resonance
(540~550 nm). First, an optical field profile around nanostructure is calculated by
electromagnetic simulation. A Drude-Lorentz dielectric function of gold is adopted from the
previous literature [19]. The 50-nm gold nanoparticle in water (n=1.33) shows 550-nm
wavelength of resonance in near-field amplification being matched with extinction
measurement of the used nanoparticle solution (data not shown here). As discussed upper,
the gold nanoparticle can amplify an electric field parallel to incident electric field (E,) as
well as non-parallel field of E,and E,. Since the magnitude of E, and E, reach to about 60%
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magnitude of E,, molecular scattering around the nanoparticle can be strongly affected by the
non-parallel electric field. Interestingly, the parallel electric field, E, is formed as dipole
shape while the non-parallel electric-fields, E, and E, are formed as quadrupole shape (Fig.
4.2C,D and E). In the later part of this study, the quadrupole effect will be discussed.

—— EX
71 —— Ey
— Ez

:'\
.| N 4

1 L L) L) M M
500 550 600 650 700 750 800

Wavelength (nm)

Local field Enhancement
F

Figure 4.2. Simulation of gold nanosphere for depolarized scattering. (A) A defined optical
geometry and 50-nm gold nanosphere. (B) Electric-field spectr show similar magnitude of
depolarized fields. (C) Dipole-like scattering of E, and quadrupole-like scattering of E, and E,
are observed around the resonated gold nanosphere.

4.2.2 Plasmonic-induced Variation of Molecular Scattering Spectrum
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Figure 4.3. Measurement of angle-dependent scattering and GNP-induced spectral variation (A)
The experimental setup. By using two gratings, input and output wavelengths were characterized.
(B & C) Angle-dependent scattering change. The blue line is a normal direction scattering, the
red line is oblique angle scattering (70~80°), and the black line is normalized oblique angle
scattering to normal direction scattering. (D & E) GNP influence in molecular scattering. The
blue line is without-GNP, the red line is with-GNP and the black is normalized with-GNP
scattering to without-GNP. These measurements were normal excitation and normal detection.

Then a fluorescence molecule, rhodamine B was analyzed for the spectral variation
along observation angle by using the optical setup shown in Fig. 4.3A. Instead of laser source
for excitation, a grating set of spectrometer was used to extract a narrow band of target
wavelength from white light source (halogen bulb). The change of angle between excitation
and observation by using bright- and dark-field condenser lenses resulted in a variation of
emission spectrum; and the oblique angle showed to generate enhanced emission at 620 nm
as shown Fig. 4.3B and C. As hypothesized, the presence and absence of gold nanoparticle in
the rhomdamine B solution should be able to generate the similar spectral variation without
changing excitation angle. The applied nanoparticle concentration was 2x10™ particles/ml,
where the whole GNPs take ignorable portion of total volume (total GNP volume versus
water ~ 10°). And in the rhodamine B solution, the gold nanoparticles were stable and not
aggregated during the experiments less than 1 hour. The normal direction excitation on with-
GNP and without-GNP rhodamine B solutions showed the same variation of emission
spectrum as shown in Fig 4.3D and E. The comparison of the two different measurement
shows that the presence of GNPs in solution results in z-component scattering shown in Fig
4.1.

4.2.3 Emitting Pattern Change around Nanoparticle
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Figure 4.4. Scattering spatial pattern change near gold nanosphere. (A) A defined emitter
scattering shows main scattering happens normal to dipole direction. (B) A single dipole-like
emitter near to gold nanosphere change its scattering patterns with function of position. (C)
Quadrupole-like positioning four emitters bring the scattering patterns to parallel to dipole
direction.

Even the volume fraction of GNPs is as small as 10°°, the z-component scattering was
clearly observed, which is assessed due to the change of scattering patterns around GNPs.
When the molecular emitters are close to metallic nanostructure, it has been discovered that
the emission patterns can be strongly affected based on distance between molecules and
nanostructure [1]. Intact z-dipole scattering mainly propagates to xy-plane; therefore not
clearly being observed z-axis aligned light-sample-objective configuration (Fig. 4.4A).
Assumed that a molecular emitter is excited along the z axis in the area of enhanced Ez of
Fig. 4.2E, the close distance to GNP results in strongly affected scattering pattern. Fig. 4.4B
shows z-dipole scattering pattern around GNP at the wavelength of 570nm which is
rhodamine B emission peak, and the pattern of z-dipole is similar in the range of rhodamine
B emission (550 ~ 700 nm). Since the concentration of rhodamine B is high concentration,
the molecular distribution can be assumed to be uniformly distributed around GNP. As
shown in Fig. 4.2E, E, forms as a quadrupole pattern which has n-phase difference between
each pole. Correlated z-dipole excitation to GNP’s E, phase distribution, interestingly,
changes the scattering pattern along z axis, which can make a clear observation in the z-axis
aligned light-sample-objective configuration. Based on this numerical calculation results, we
can understand that the clearly distinguishable spectral variation between the with-GNP and
without-GNP cases.

4.3 Confinement of Depolarized Scattering and its Applications

The shape of boundary is an effective way to modulate depolarization properties such
as the depolarization amount and far-field propagation. In this study, the symmetry of 2-D
boundary is mainly discussed to present a distinctive example for depolarization study. The
symmetric boundary causes a clear quadrupole pattern in orthogonal electron motion (OEM),
which consequently generates orthogonal electric field around the nanodisk. Even with the nt-
phase difference between each pole, the scattering from OEM cannot be suppressed
completely due to the physical distance between each pole. Thus a certain amount of
depolarized scattering propagates to far field as shown in Fig. 4.5B.
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Figure 4.5. Depolarized scattering from various nanostructures. (A) A random geometry can
induce a large depolarization ratio; (B) while 2-dimensional symmetric nanodisk suppresses the
depolarization scattering. (C) An array of nanodisk can only transfer the same polarization
scattering to a far field by completely suppressing the depolarization scattering. (D) The physical
reason of depolarization scattering is electron oscillation happens at a similar range to
nanostructure dimension under optical field excitation. (E) In case of nanodisk array, the
orthogonal electric field is confined around array plane like evanescent wave of total internal

reflection.

4.3.1 Depolarized Scattering from 2-dimensional Metallic Nanostructure

37



Polarized input

E

C F '
:

-~
Quadrupole /Dipole

\y )/ / E.

D G

b .4
~ . 4
I

7
N

1018, 1.0
Q
EII
- . »
Depolarized scattering = 0.4
°1o-'8~»\/N
L
0.2-
E.
10'19 T T T \J 0 T T T T
500 600 700 800 900 1000 0 100 200 300 400 5000
A (nm) Z-distance (nm)

Figure 4.6. Depolarized scattering from a single nanodisk. The studied nanodisk is 100-nm
diameter and 20-nm thickness, and its material is supposed as gold. (A) A polarized electric field
excitation causes dipole-like parallel electron motion and quadrupole-like orthogonal electron
motion in the disk. Even with quadrupole-like oscillation, the distance between each pole cannot
suppress depolarized scattering to far field completely. (B) Parallel electric field forms as dipole
pattern around the nanodisk, while (C) orthogonal electric field forms as a quadrupole of -
phase shift between each pole. (D) Generated photothermal heat is calculated separately
regarding parallel electron motion and orthogonal electron motion. (E) E; shows propagation like
typical dipole scattering of plasmonic structure, while (F) E; cannot be suppressed completely

due to the distance between each pole of E, quadrupole. (G) The field intensity of Ejand E, is

compared by integration of each electric field over a 10 times bigger area along normal direction
of nanodisk plane. The color maps of (B) and (C) are as linear, and one of (E) and (F) are plotted
as log scale.

Since non-parallel electron motion cannot be avoided in 2-D or 3-D metallic
nanotructures, a certain amount of depolarization scattering from metallic nanostructure
always exist. However since depolarization scattering is confined around nanostructures, the
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depolarization field can be useful like evanescent wave of total internal reflection. In this
aspect, here, an array of nanodisk is suggested as an efficient way to confine depolarization
field around the nanostructures and keep it from propagating to a far field as shown in Fig.
4.5C.

For a detail analysis of optically excited nanodisk, an electromagnetic simulation was
applied for a single nanodisk surrounded by air (¢=1). Incident light propagate along the
normal direction of the disk plane. As sown in Fig. 4.6A and B, two orthogonal electric fields
being parallel and orthogonal to incident electric field are expressed around the nanodisk;
and the parallel electric field (PEF) forms as dipole configuration while orthogonal electric
field (OEF) forms as quadrupole. Similarly to dipole scattering pattern, PEF can propagate to
a far field without loss and the scattering of PEF can be mainly observed. This is the reason
why optically excited nanoparticles are sometime described as simple electric dipoles. In
case of quadrupole of OEF, the field does not propagate due to the m-phase difference
between each pole. Since each pole has a distance of nanostructure size, the quadrupole
cannot completely cancel out to a far field, and propagates mainly along in-plane direction.
As shown in Fig 4.6E, a detector positioning along the normal direction of the nanodisk
plane attains the depolarized scattering unless the detection angle (i.e., numerical aperture,
NA) is limited to a small number (in the simulated configuration, a bigger than 10-degree
NA can detect depolarization scattering). The amount of PEM and OEM is quantitatively
compared by calculating resistive heat amount. As shown in Fig. 4.6D, the orthogonal
movement of electron is comparable to parallel one in a similar order; therefore the far-field
scattering of PEF and OEF being also comparable to each other (Fig. 4.6E).

4.3.2 Suppressed Depolarized Scattering via Nanostructure Array

As mentioned, an array of identical dimension of nanodisk is adopted for suppression
of far-field propagation (Fig 4.7A). Two nearby poles of OEF from neighboring disks
interferes since those scattering direction is to each other. The inference among OEF poles
results in exponential decay along the normal direction of nanodisk like evanescent wave
(Fig 4.7B). In addition of complete suppression of depolarized field, the depolarization
phenomena from nanodisk array has several interesting characteristics. The first
characteristic is a concordance of wavelength spectrum of E; and Ej; the second is the

identical z-axis profile of E, decay independent to wavelength; and the third is E, resonance
is related to dark scattering of E; to a far field.

The circular shape of the nanodisk can cause the similar ratio of PEM and OEM,
since the size of nanodisk (100-nm diameter) is smaller than the wavelength of interest.
Actually electron movement in the nanodisk is calculated to remain identical over the
wavelength of interest. Yet, bigger dimension nanostructures can induce the disparity of
PEM and OEM, which can augment OEM further with suppressed PEM for particular
applications like metamaterials.
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Figure 4.7. Depolarized scattering from a nanodisk array. (A) A schematic diagram shows how
to complete suppression of E; can be involved in an array form. (B) The calculated field

intensity of E, along a normal direction of plane, showing exponential decay like evanescent

wave. The presented results in Fig. 4.7 are from a rectangular array of 100-nm diameter nanodisk
and 400-nm periodicity, if not indicated further. (C) A color map of E; about wavelength and z-
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axis distance. The wavelength spectrum of E, is identical to Ejaround the nanodisk plane, but E;

propagates to far field by having the same decay constant along z axis (inset color map)
independently to wavelength. (D) The decay profile is determined only by the periodicity of
nanodisk array, and a linear relation exists between the periodicity and decay constant. The
curves from left to right indicate the cases of 300, 400, 500, 600, 700, 800 nm periodicity,
respectively. (E) A color map of E; about wavelength and z-axis distance shows a dark

scattering existence at the resonance excitation. (F) Induced electric field phase at the center of
nanodisk. The T11/2 phase retardation can be related to the resonance of E, and dark field

scattering of E;,

Differently from E; which should interact with incident electric field during
propagation, E, is radiated only from the nanodisk array. Thus, the spatial pattern of E, is

independent to the wavelength. Fig. 4.7C shows that the normalized E, pattern over z axis is
identical over the wavelength range. Now, the decay constant of E, is expected only to be a

function of periodicity of nanodisk array. The shorter distance between nanodisks confines
E, closer to the nanodisk array plane by following a linear trend (Fig. 4.7D). These 1% and

2" characteristics can simplify the design of E, field. Even though E, does not propagate to
far field, the measurement of E; can estimate the spectral profile of E; and the periodicity of
nanodisk array can determine spatial profile of E, over the wavelength of interest.

The third characteristic of E, is related to dark scattering which is currently discussed

together with Fano resonance [20]. At a resonance wavelength (710 nm), the nanodisk array
shows maximal expression of | |E,| at the nanodisk array plane while | |E| is minimal after a
propagation along z axis at the resonance wavelength. Analytically the less propagation of E;
is explained by 90°phase retardation of PEM in nanodisk, since incident magnetic field (Ho)
not changeable over the interaction with gold nanodisk (u=1) and (E; x Hy ) does not
propagate to far field due to the phase difference. Fig. 4.7F shows that 90° phase happens
together with maximal phase change rate along wavelength, which we assess to be related to
the spectrum of E; .
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Figure 4.8. Localized depolarization application for molecular imaging. (A) A polarized light
input can generate a confined depolarized scattering around the nanodisk array. By using two
linear polarizers, the parallel polarization can be screened out, but only molecular scattering
excited by depolarized field can be imaged. (B) and (C) are expected molecular imaging results
by setting an analyzer parallel and cross to a polarizer. Images of (C) will be able to image
molecules only nanoscale-distant from nanodisk array or furthermore calculate the distance of
molecules from nanodisk array.

4.3.3 Localized Depolarized Scattering for Molecular Imaging

For the last century, surface-confined fields have been used for various molecular
imaging methods. Total internal reflection fluorescence is a representative example.
Likewise, the concept of confined depolarization zone can be also utilized as the same
localized molecular imaging method. Since polarization information can be highly contrasted
with a simple polarizer setup with a conventional optical microscope, it will be possible to
map molecular distance from a certain nanostructure plane as shown in Fig. 4.8.

As a near future study, we suggest the combination with zero waveguide for
molecular dynamic imaging methods similarly to currently highlighted DNA sequencing
methods. In addition, metallic nanostructure can also involve highly enhanced optical field
for various plasmonic molecular imaging methods such as surface-enhanced Raman
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scattering; therefore this concept can expand to multiplex imaging methods as a simple
optical setup in the future.

4.4 Conclusion

In sum, electron depolarization is always induced in case of 2-D or 3-D metallic
nanostructures due to the electron oscillation over lattice. The orthogonal electric fields, in
case of gold nanosphere, form as quadrupole pattern of n-phase difference. This phenomenon
transforms a xy-plane emission pattern of a molecular emission to be along z axis. By using a
resonance-matching molecule, rhodamine B, we demonstrate that the presence of GNPs in
the solution enables to observe xy-plane scattering in the light pathway. The study of
molecular emitter and nanostructure interaction is expected to advance various molecular
imaging methods containing high spatial resolution as well as further enriched molecular
fingerprint information.

In the second part, we discussed the characteristics of depolarization scattering and
suggest how to modulate the depolarization scattering to far field. A 2-D array of nanodisk
was shown to confine depolarization scattering around the array plane due to destructive
interference of quadrupole-like scattering of E,. This scheme can be utilized in various

imaging methods similarly to evanescent wave of total internal reflection.
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Chapter 5

Tunable Sensitivity of Plasmonic Nanoflake on Photonic
Crystal

A well-designed metallic nanostructure interacts with light effectively as ‘surface plasmon
polariton’, and expresses locally enhanced optical field useful for various applications
including molecular fingerprint detection. Surface-enhanced Raman scattering (SERS) is a
representative example whose sensitivity reaches down to a single-molecule level. The last-
several-decade endeavor to accomplish the single-molecule sensitivity resulted in metallic
nanostructure fabrications methods, from random aggregation to delicate top-down
fabrication. The flexibility of molecular detection via plasmonics requires a plasmonic
substrate design of performing frequency selectivity and detection sensitivity. In this respect,
we investigated gold nanoflake structure on top of high dielectric photonic crystals. A
controlled nucleation process on anodized aluminum oxide template resulted in a thin gold
layer of having a great amount of nanogaps, which are expected to generate strong optical
hot-spots. By fixing the thickness of gold layer but changing thickness of AAO, we can
attain a large range of frequency resonance, exactly identical details of gold morphology, and
no change of optical properties to environmental refractive index. The fabricated gold
nanoflake successfully demonstrated a tunable sensitivity in single-molecule level detection:
sub-femtomolar concentration of 1,2-bis(4-pyridyl)ethylene and an analytical enhancement
factor up to 10™ which is higher than what has been reported so far. We believe the gold
nanoflake can be an ideal SERS substrate from a research level to a commercial product due
to easy and uniform fabrication, well-developed fabrication process of AAO and structural
stability of AAO over a long time.

5.1 Introduction

Surface-enhanced Raman scattering is a promising molecular detection method by
using plasmonic nanostructures. SERS can monitor molecular information as an in-situ and
remote non-invasive manner, and when combined with a well-designed nanostructure, its
detection limit can reach down to a single-molecule level [1-5]. Also, scattering contrast in
frequency domain (called Stoke or anti-Stoke scattering) promises broad-range practicability
due to recent realization of efficient but inexpensive optical filters. However, since current

45



light source of single wavelength (i.e. laser) do not cover a large range of wavelength,
flexible selectivity of resonance wavelength is another criterion in plasmonic structure design.

Because a metallic nanostructure does not response uniformly to a broad range of
wavelength due to its resonance complexly from its retardation and geometric effects [6], it
is critical to match resonance wavelength to specific wavelength for applications. The
wavelength tunability can accomplish with choices of metal types, environmental or
supporting dielectric types and structural geometry. The order of metals - copper, aluminum,
sliver to gold redshifts; higher dielectric constant of surrounding material redshifts; bigger
aspect ratio parallel to exciting electric field also redshifts resonance wavelength. Thus, the
combined factors determines resonance wavelength, which makes plasmonic design more
difficult.

For amplified Raman scattering, particular geometries are also required to focus
optical response to a small volume as locally enhanced optical field. Since the optical field
intensity on SERS substrate surface can increase Raman signal with nonlinear
proportionality (commonly considered as being proportional as |E[*, here E is electric field
[7]), SERS signal intensity is highly dependent to the optical field enhancement. In previous
literatures, a variety of geometrical design for sharp tips or close tip-to-tip distance has been
characterized theoretically and experimentally [8-11], suggesting maximized enhancement
usually possible in nanometer- or atomic-scale accuracy A general approach to nanostructure
geometry for optical field enhancement is sharp tips or close tip-to-tip distance where
geometric resolution should be down to nanometer or atomic scale accuracy for maximized
functions. However, since current nanofabrication of top-down methods is currently limited
to a few nanometers to tens nanometers, randomly formed nanostructures yet containing
geometric morphologies for optical field enhancement are still practically useful and function
as excellent SERS substrates.
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High sensitivity in detection

Orderness: Uniformity
High Dielectrics: No change of optical properties

Figure 5.1. Design of nanoflake on photonic crystal. A combination of gold and AAO complex
(Al,0O3 and aluminum) is useful to tune optical properties by changing the thickness of Al,O3 and
maintaining gold layer thickness. For enhanced optical hot-spot formation, a flake-like structure
can be formed on the top of AAO complex, but the high dielectric property of AAO can maintain
the overall optical properties (i.e., extinction) with the same thickness of smooth gold AAQ.

5.2 Design of Nanoflake on Photonic Crystal

In any cases, nanoscale resolution in metallic structure, especially in top-down
process, is usually not repeatable in changes of thickness, substrate or metal types. Strictly
speaking, it is quite challenging to modulate wavelength selectivity and detection sensitivity
together from a set of nanostructure fabrication especially to cover broad-range selectivity.
In this aspect, geometry change of supporting dielectric structure can be the most reasonable
way for this purpose, if resonance tuning ranges broadly. In this aspect, single-material
photonic crystal enabling a broad range of optical response can be a candidate for supporting
dielectric structure for metallic nanostructure.
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Figure 5.2. Simulated optical property (or extinction) of gold-coated AAO. (A) Configuration of
the simulation structure. The gold-AAO consists of 15-nm gold layer thickness, thick aluminum
supports, and various thicknesses of alumina layer. The periodicity of AAO is fixed to 100 nm
since an adopted electrochemical process determines the periodicity regardless of AAO thickness.
(B to F) AAO and gold-coated AAO optical properties for various gold thicknesses as noted in
plots. The original optical property of AAO is shown to strongly affect the optical properties of
gold-AAOQ.

As a photonic crystal platform, hexagonally arrayed nanohole pattern of anodized
aluminum oxide (AAQO) was used [12, 13]. From a prevalent fabrication method, AAO is
realized as cylindrical hole array in aluminum oxide (Al,O3) layer on nanoscale-rippled
Al,O; and aluminum support. The periodicity and depth of nanohole can be modulated by
electrochemical anodizing process (i.e. voltage, chemical and time) [14]. The AAO platforms
used in this study have 100-nm periodicity and various depths ranged in 50 to 500 nm. The
change of aluminum oxide layer thickness shows a clear modulation of AAO complex
optical property (Fig. 5.2), and when it is combined with plasmonic structure on the top,
optical properties of pure AAO complex is strongly deterministic to one of Au-coated
complex.
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Figure 5.3. Comparison of smooth gold-AAO and nanoflake-AAO complex. (A & B) Scanning
electron micrographs for the two cases of gold AAO. (C) The two cases of gold AAO shows
identical optical extinction regardless of the gold layer morphology. Insets are naked-eye color
taken by a general digital camera. (D & E) Simulation comparison for the two cases. Overall
optical properties such as reflection and absorption show identical spectra, while strong optical
hots-spots can be formed around nanogaps in the nanoflake layer.

Fig. 5.2 shows the simulation calculation of thin gold film conjugation and pure AAO
template. The high dielectric property of alumina, Al,O3; (&~3.2) can dramatically change
optical response with a small change of Al,O; thickness. The simulation calculation for
normal-excitation reflectance shows that the change of the oxide layer thickness can make
following trends: the higher oxide layer generates the more numbers of resonance in
ultraviolet-to-infrared range by red-shift in 200 to 600 nm and blue-shift in longer than 600
nm wavelength. Being combined with gold layer on top, resonance frequency does not
change in less than 500 nm but longer wavelength than 500 nm is blue-shifted or red-shifted
from pure AAO templates’ resonance. The dynamic resonance shift of the Au-AAO complex,
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with the pure AAO’s broad range of resonance, shows effective capability of targeting a
large range of resonance. Moreover, overall optical response extent becomes amplified by
combining a plasmonic gold layer as shown in reflectance in Fig. 5.2.

Even though the AAO template is beneficial in resonance selectivity, optical field
enhancement is not enough for sensitive molecular detection by being combined with smooth
Au surface on top [15, 16]. In this respect, we adopted a metal deposition method to
modulate grain growth by controls of temperature and deposit rate. The controlled deposition
resulted in a large amount of nanogap morphology in the metal layer templates (here, we
called this nanogap morphology as gold nanoflake). Differently from previously
demonstrated roughened metal surface [17-19], the nanoflake shows certain regularity with
the same periodicity as AAO template, and almost identical morphology in all different
thickness of AAO template.

More interestingly, the nanoflake morphologies did not distinguish optical response
from the smooth Au-AAO, when the thickness of gold layer was the same. Fig. 5.3A and B
show two examples of smooth or nanoflake surface, and Fig. 5.3C is reflectance
measurement from the two; naked-eye color (insets of Fig. 5.3C) and reflectance-based
extinction spectrum did not show clear difference. Then, we applied a simplified surface
morphology of nanoflake on the simulation to confirm identical optical response in
reflectance. Simplified nanoflake surface contains a half depth of crevice with a nanogap of 2
nm. The comparison in smooth surface and nano-crevice surface resulted in quite identical
reflectance and also absorption. However, the heat map of Fig. 5.3E shows a clear different
in local field enhancement. In case of smooth surface, optical field is focused into Al,Os
layer due to its high dielectric constant, while nano-crevice surface can bring optical
response into the nanogap which can be accessible by external molecules and beneficial for
molecular detection schemes.
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Figure 5.4. Optical properties of a fabricated nanoflake set. (A) SEMs and naked-eye colors for
various thicknesses of AAO. The same morphology of gold layer was formed regardless of
thickness of AAO. The same thickness and morphology of gold layer and different thickness of
AAO produce a dynamic color change over visible light. (B) Extinction spectra of the four
nanoflake samples. The extinction was measured based on reflection due to AAQ’s opacity. (C)
A plot for simulated 1% to 3" peaks change along various thickness of AAO. The vertical dot
lines indicate 65, 135, 195 and 275 nm, and crossed points from 1%, 2" and 3™ peak accord with
the measured extinction resonances.

5.3 Single-molecule Level Detection via Nanoflake
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By applying the same deposition method, a set of AAO templates (65, 135, 195, 275
nm) were conjugated with nanoflake structure on top (Fig. 5.4). The gold layer conjugation
strongly amplified optical response of pure AAO complex, and generated colorful reflectance
as expected from the simulation of Fig. 5.2. The same crystalline surface of AAO exhibited a
clear reproducibility of nanoflake morphology regardless of AAO depth as shown in the
SEM images. The reflectance-based extinction measured in a normal direction showed
clearly distinguishing spectra (Fig. 5.4B) and individual resonance wavelength was well
matched compared to the simulation results. Again, different morphology of gold surface
was verified to generate the same optical response (far-field response) as a smooth thin film
conjugation.

As demonstrated in the simulation, we can expect nanogaps in the flake-like
nanoscale morphology to generate strong hot-spots when overall complex is optically
resonated. Moreover, as predicted in Fig. 5.5B the high density of nanogaps can produce a
large number of hot-spot in a unit area (i.e. laser focus spot in SERS measurement), therefore
enhancing signal stability from molecular random motion in media. The set of gold AAOs
was test as SERS substrate to detect a single-molecule level concentration of 1,2-bis(4-
pyridyl)ethylene (BPE) [20]. The excitation source was 785-nm continuous wave laser. The
measured extinction follows a sequence of 135, 65, 235, 195-nm AAOs in magnitude.
Remarkably, the SERS signal intensities follows the optical extinction of 135, 65, 235, 195-
nm AAOs and all of the four gold-AAOs demonstrated down to 1-fM concentration
sensitivity. The analytical calculation compared to bulk Raman measurement can be down to
10", which is higher than what has been reported so far (Fig. 5.5D).
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Figure 5.5. SERS measurement on the four different nanoflake samples. (A & B) high-resolution SEM
images and expected hot-spot position. The morphology of nanoflake is expected to generate strong hot-
spots uniformly over the gold surface. (C & D) The measured extinction shows 135, 65, 235 and 195nm
sequence in extinction intensity at 785-nm wavelength, and 785-nm SERS measurement also shows the
identical sequence of signal intensity. Conditions of SERS measurement were 1mwW 785nm CW laser, 10
sec integration, and 1-fM 1,2-bis(4-pyridyl)ethylene MeOH solution.

5.4 Conclusion

In this study, we suggested an efficient way to design plasmonic substrates for
sensitive molecular detection. The photonic crystal structure, anodized aluminum oxide can
strongly modulate optical resonance, and then after combining with metallic layer, overall
intensity of optical response can be strongly amplified. Compared to smooth surface, nano-
crevice containing roughened surface can focus the overall optical response of the Au-AAO
complex into nanoscale volumes, and generate strong hot-spots. By following this scheme,
SERS measurement on gold nanoflake detected a single-molecule level in a conventional
Raman setup while the sensitivities well followed the extinction extents among various AAO
samples. We believe that this study shows interesting stories regarding frequency selectivity
and detection sensitivity by minimizing other possible factors in molecular detection like
atomic structural details.
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Chapter 6

Gold eu-Virus for Molecular Imaging

Understanding of biological systems is ultimately dependent on our ability of how to
visualize biomolecular events with high spatial/temporal resolution in living cells. In this
respect, optical antenna aided molecular spectroscopy has enormous potential for
biomolecular imaging by minimizing intervention to biological events. However, practical
targeting capability, nanoscale fabrication and single-molecule sensitivity need to be
resolved to realize optimal optical antenna spectroscopy. A looking to nature suggests highly
organized morphology of viral structure for an ideal optical antenna. Here, we demonstrate
the feasibility of engineered plant viruses as novel optical antenna for fingerprint
spectroscopy. Our experiments and simulations indicate that icosahedral viral architectures
can increase sensitivity of plasmonic sensors up to 10° times, compared to smooth
nanospheres. This study will expand the potential for engineering viruses as satellite
nanoscopes capable of unprecedented spatiotemporal resolution for in-vivo targeting,
imaging and drug delivery.

6.1. Introduction

Virus particles have highly ordered natural nanoarchitectures consisting of nucleic acid
and a protective coat protein called a capsid. Even the simplest viruses have evolved the
ability to enter cells directly or via various vectors, and to co-opt the host cellular processes
needed to replicate their genomes and assemble viable progeny virions. During the last
century, these processes have been intensively studied to understand virus structure and
replication, and to control viral diseases of importance to human health and agriculture. More
recently nanotechnology and biotechnology approaches have attempted to engineer viruses
toward “eu-virus” [1] for diagnostic/therapeutic applications [2-6], nanomaterial synthesis [7,
8], protein recombination [9, 10], bio-energy applications [11, 12], and -electronic
components [13-15]. These new engineering approaches are designed to eliminate the viral
disease-causing activities, while maintaining the inherent structure and cellular targeting
capabilities for applications.

Especially, viral capsids have received particular attention for nanotechnology
applications due to appealing features of self-assembly, regular icosahedral or helical
geometry, a high degree of symmetry and polyvalency, and stability in harsh extracellular
environments [16-19]. Moreover, the capsid morphological unit, or capsomer, has been
chemically or genetically manipulated to incorporate external materials that may be useful
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for diagnostic, imaging or targeting processes and that may have therapeutic function.
Through identification and modification of capsomer peptide motifs, viral capsids have
advanced their utility from protecting viral genome to resolving obstacles in development of
ideal nanomaterials.

Au-virus

Cell membrane
& cytoplasm

Antibody
Recognized by virus

Extracelluar gene

Intracellular molecule

Molecular spectra enhanced by
Au-virus

Cargo inside capsid
(gene, protein, imaging agent)

SERS

wavelength (nm) Raman shift (cm™)
Plasmonic sensing of fingerprint information

2. (nm)

Figure 6.1. Schematic diagrams of gold viruses for molecular imaging. (A) Representative
multifunctions of gold eu-viruses including targeting, delivery, imaging and sensing by sharing
viral capsid with optical antenna. The thin gold layer on viral capsid works for optical sensing
through molecular spectroscopic methods, and also enhances the other functions by carrying
extracellular material including gene, protein, small molecules, fluorescence dyes and so on. (B)
Plasmonic selectivity via various viral capsid morphologies. Icosahedral viruses have various 3-
D protein structures, as well as diameters ranging from nanometers to micrometers, can be used
to attain different plasmonic resonances with metal layer conjugaton. (C) Plamson resonance
energy transfer (PRET) and surface-enhanced Raman spectroscopy (SERS) as plasmonic sensor
applications for molecular fingerprint spectroscopy. Plasmonic scattering spectrum of metal
layers expresses molecular absorbance of nearby target molecules by PRET mechanism.
Enhanced local electromagnetic field around the metal layer dramatically increases the molecular
Raman scattering which is from molecular vibration.
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Even with the simplicity of biochemical configuration, viral capsids provide high-
regularity 3-dimensional morphology in a nanoscale which vastly exceeds current
nanofabrication capabilities. Thus capsid morphology possibly suggests a solution to
overcome practical issues of nanoscience requiring high-resolution geometry. Herein, we
utilized the geometrical feature of viral capsid, especially to realize an ideal optical
nanoantenna by using icosahedral plant viruses: belladonna mottle virus (BdMV), brome
mosaic virus (BMV), cowpea mosaic virus (CPMV) and tomato bushy stunt virus (TBSV).
The sub-nanometer resolution and 3-D detail[19, 20] on these nanometer-sized particles
satisfy the required geometry in optical antenna applications. Moreover, each of the viruses
replicates to high levels in plants and can easily be purified in gram amounts to near
homogeneity, stored for several years without degradation or loss of biological activity, and
manipulated genetically [21].

6.2. Viral Capsid as Plasmonic Nanoparticles

The advantages of using plant virus capsids as plasmonic nanoparticle include: 1)
highly uniform-sized discrete nanoparticles, 2) a nanoscale 3-D morphology consisting of
molecular-level protrusions and valleys, 3) a high degree of symmetry and polyvalency, 4)
the structural resistivity to a big range of pH and temperature, and 5) mass production
capabilities in plants under high levels of bio-safety. Moreover, genetically engineered or
chemically modified viruses may also permit specific delivery into various classes of cells.
Ideally, imprinting of a metal layer on a viral capsid surface can be motile optical antennae
of sensing biomolecular information in a cellular level, together with capabilities of targeting,
imaging and delivery [22-24] (Fig. 6.1A).

More specifically for the requirement of optical antennae, the morphological diversity
of viral capsids available in nature can easily accommodate a wide range of plasmonic
resonance (or selectivity) (Fig.6.1B). As discussed above and below, the nanoscale 3-D detail
on capsid with conjugation of imprinted metal layer has the capability to more increase
optical field intensity around discontinuous metal layer to improve detection (or sensitivity).
Together with selectivity and sensitivity, gold eu-viruses are capable to fulfill plasmonic
sensor applications such as surface-enhanced Raman spectroscopy (SERS) or plasmon
resonance energy transfer (PRET), both of which encode molecular fingerprint information
in a scattering spectrum (Fig. 6.1C).

6.3. Mathematical Model of Viral Capsid and Electromagnetic
Simulation

A mathematical model expressing capsid structure, which provides fundamental
understanding in viral image analysis, classification and morphological applications, can also
benefit in designing of optical antennae for applications. Here, a morphological description
of an intriguing capsid model (eg. 1) [25] was utilized to characterize optical properties of
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gold virus through electromagnetic calculation. As an example, one set of variables (m, p,
const) in eg. 1 was chosen to express 3-D folded protrusion and valley on capsid, and gold
layer with 5-nm thickness is assumed to normally deposited with a directionality (Fig. 6.2).

(231=_me—(x+ty—n)p + e~ (x—ty-n)? + e—2y+rz—np + e~ (y-tz—n)P +
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Figure 6.2. Electromagnetic simulations of gold virus with comparison to a gold conjugation on
a similar sized nanosphere. To express an example of viral capsid, a representative equation was
taken from the previous literature [25], and (m, p, const) was set to (1, 4, 3.8). Both virus and
bead template were scaled to fit to 30-nm diameter. Enhanced electric field is distributed in
multiple spots around gold virus, but in a single spot around smooth nanosphere (A & B). Bigger
surface-to-volume ratio together with multiple sharp tips induces bigger amount of
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electromagnetic field scattering to media and less resistive heat inside the metal layer (C & D).
These characteristics are beneficial for stable plasmonic optical sensor applications.

Simulation analysis on a mathematically modeled gold virus explicitly explains the
benefits as an optical antenna on virus, compared to gold conjugation on a smooth
nanosphere. As observed in Fig. 6.2A and B, protrusion and valley morphology of capsid can
generate a-few-nanometer tip-to-tip distance between gold structures resulting in multiple
hot-spot (or locally enhanced electric-fields) formation, while smooth surface of a
nanosphere forms a single dome structure having a single edge. The light interaction with
these nanoparticles can be more analytically compared regarding electromagnetic energy
such as radiative and resistive energy (eq. 2) [26].

0B oD
Protal = Pradiative T Presistive = j H- E dV + f E - E av
4 14

=§ﬁs (ExH)-ndS+fV]-EdV eq. 2

Here H is magnetic field, B is magnetic flux, E is electric field, D is electric displacement,
and J is current density. In contrary to gold conjugation on nanosphere, the gold virus
generates more radiative energy to the volume surrounding the particle and less resistive
thermal energy in the gold layer (Fig. 6.2C and D). Thus, gold virus can be considered being
more useful for applications utilizing enhanced local optical field, including SERS and PRET.
Also, less heat generation is beneficial for structural stability of nanoscale metal layer during
light excitation on the optical antenna.

6.4. Demonstration of Gold Virus

To experimentally demonstrate gold virus efficiency, various thicknesses (2 to 10 nm)
of gold were deposited by an e-beam evaporator on the highly purified plant viruses (BdMV,
BMV and CPMV and TBSV) that had been adsorbed on glass slides as closely packed arrays.
Then, the gold-conjugated viruses were lifted off the slide in water and mono-dispersed
particles were reattached on another functionalized glass slide and the isolated gold viruses
were characterized in more detail. Because the sequential engineering processes have a
possibility to distort virus structure, the particles were compared by negative staining in a
transmission electron microscope (TEM) before and after metal conjugation, to verify that
the metal layer was firmly attached and that deposition had not altered the viral architecture.
These TEM results indicated that the virus had maintained its original spherical structure and
revealed the presence of electron-dense gold on each of the viruses examined (Fig. 6.3 D and
E). Moreover, to assess whether deposition had destroyed the biological activity of the virus,
infectivity assays were conducted by inoculating primary leaves of cowpea (Vigna
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unguiculata) cv. Chinese x Iron plants before and after the engineering processes [27]. Both
the wt and gold CPMV produced similar numbers of necrotic local lesions on the leaves.
Hence the engineering process appears not to have a substantial effect on infectivity (Fig.
6.3C & F).

Figure 6.3. Gold viral structure and viral activity test. Schematic structure of original virus (A),
and its conjugation with gold (D). TEM images were taken before (B) and after metal layer
attachment (E). The scale bars in the TEM images are 10 nm. The infectivity of wt-CPMV (C)
and gold-CPMV (F) was evaluated by a local lesion assay five days after mechanical inoculation
of Cowpea (Vigna unguiculata) cv. Chinese x Iron plants. The red arrows indicate the local
lesions, which are illustrated at higher resolution in the exploded panels to the right. Taken
together, the original structure as well as inherent functions can still be maintained.

6.5. Far-field Characterization

A far-field optical spectrum, for characterizing plasmonic phenomena, was measured
for each gold virus particle by a conventional dark-field method. In contrast to an identical
thickness of gold conjugation on a smooth nanosphere, a multi-peak spectrum under dark-
field scattering (Fig. 6.4) was clearly observed. Differences in diameter and variations in the
topology of the viral capsids permitted spectral variation in the optical properties of the gold
viruses. Overall, as the diameter increased, optical resonance was red-shifted, and the
increased proximity of protruded capsomers resulted in clearer multiple resonances in the
measured spectrum range. Also, changes of conjugated gold thickness can also tune the
optical resonance (Fig. 6.5). As shown here, existence of various virus types and change of
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metal thickness can provide a broad range of choice for the optical-antenna viruses to aim
diverse optical resonances.
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Figure 6.4. Characterization of optical properties of various gold viruses. The scattering spectra
of 5-nm-gold viruses were measured in 400 to 1100 nm by conventional dark-field spectroscope,
(A) belladonna Mottle virus (BdMV) (B) brome mosaic virus (BMV), (C) tomato bush stunt
virus (TBMV), and (D) cow pea mosaic virus (CPMV) were conjugated with gold at the same
time by metal evaporation. Through further preparation, single nanoparticles were prepared on a
transparent substrate (Supplementary Information). Different sizes and topologies of the viral
capsids resulted in variations in the dark-field scattering spectrum.
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Figure 6.5. Characterization of optical properties of various gold viruses by change the gold
layer thickness. (A to C) The 2, 5, 10nm thickness of gold layer on CPMV virus shows a
dramatic change of dark-field scattering.

6.6. Molecular Imaging via Gold Virus: PRET & SERS

Among plasmonic sensor applications, the two spectroscopy methods, SERS and
PRET, are highlighted due to their fingerprint information delivery with a high sensitivity
[28, 29]. Highly enhanced optical fields increase electron vibration and absorbance of
molecules being in the enhanced optical field. Then, the enhanced optical field can be re-
scattered to levels far superior to background noises to produce readable molecular
fingerprints. This is the attribute and the fundamental mechanism of SERS and PRET via
optical antennae. Additionally, non-invasive sensing, nanometer spatial resolution, and
simple optical equipment increases the potential of these nanospectroscopies in biological
applications. These plasmonic sensing capabilities can provide a new paradigm to
multifunctional engineered viruses. Our demonstrations show that the 3-D folded capsid
morphology generates a high sensitivity in such applications, supporting the potential of gold
viruses as ‘nanosatellites in a cellular galaxy’ [30].

- Gold virus scattering
a PRET scattering

W Enhanced E-field
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Figure 6.6. Plasmonic sensing via plasmon resonance energy transfer (PRET) and surface-
enhanced Raman scattering (SERS) for molecular fingerprint information. (A) Schematic
illustration of PRET and SERS. Regarding PRET, light scattering of the plasmonic particle is
effectively re-absorbed by nearby target molecules, being reshaped with inversely indented
absorption spectrum of the molecules. Comparison between before and after molecular presence
around a nanoparticle provides the information of molecule’s presence and its amount. Regarding
SERS, locally-enhanced optical field increases molecular electron vibration, resulting in an
increase in Raman scattering which provides molecular structure information. (B) Cytchrome-c
PRET experiment results of 5-nm-gold CPMV. Less than 3 uM of cyt-c can be clearly imaged by
individual gold CPMVs. This is shown as two dominant dips of 520 and 550 nm in the
nanoparticle dark-field scattering that match with cyt-c absorption spectrum. (C) Comparisons of
the gold virus PRET with a similar-sized gold-coated nanosphere PRET. (D) SERS spectra of
BPE on gold CPMVs and gold-coated nanospheres with a 5-nm gold thickness. Gold CPMV
yielded a set of clear fingerprint information at 1200, 1615 and 1635 cm™ Raman shifts at a pico-
mole concentration of BPE, whereas gold-coated nanospheres resulted in a micromole detection.
(E) Comparison of Raman scattering intensity in a peak of 1615 cm™. The quantitative result
shows 6 orders of magnitude greater sensitivity with gold virus.
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PRET sensing, encoding molecular absorbance spectra into an optical antenna
scattering, can be useful to map an intracellular distribution of biomolecules through
absorption spectroscope enabled by mono-dispersed optical antennae in a cell [31]. In our
experiments, one derivative of gold virus was tested as an initial step toward in-vivo cellular
imaging as suggested before [29, 31]. In brief, mono-dispersed gold viruses are fixed on a
modified glass substrate. Then, a positively charged ligand (3-mercaptopropionic acid) were
selectively attached on the gold layer to attract the target molecules (here, cytochrome ¢ or
cyt ¢) Various concentrations of reduced cyt ¢ were detected by 5 nm-gold CPMV, and as a
control experiment similar-sized smooth nanosphere (33 nm-diameter polystyrene bead) was
tested in the same way. The results indicate that the gold virus is far more sensitive than the
nanosphere with 10 fold higher magnitudes of absorbance encoding capability (Fig. 6.6B &
C). The higher PRET efficiency attained by gold viruses can be explained by the multiple
hot-spots on the CPMV surface, even after consideration of different surface areas of the
gold layers on the polymer sphere (33 nm) and CPMV virus (31 nm) as a possibility of more
molecules adsorption.

SERS, a highly enhanced nonlinear optical phenomenon, can attain higher sensitivities
down to single-molecule detection [28]. Differently from PRET, the enhanced optical field
around optical antennae directly increases molecular vibration modes and scatters the
fingerprint information with a high amplification, which is SERS mechanism. Here, similarly
packed CPMV particles and 33-nm nanosphere with 2-nm gold conjugation of having an
optical resonance around 785-nm laser excitation were examined as a SERS substrate. By
using a conventional target molecule (1,2-Bis(4-pyridyl)ethylene or BPE) for the purpose of
enhancement factor comparison [32, 33], 2 nm-gold CPMV particles were clearly detected at
sub-pico-mole concentrations of BPE, whereas the nanosphere substrate was detected only
down to micro-mole concentrations. The comparison of detection limits denotes a 10° higher
sensitivity of the 3D-folded viral capsid. This experiment supports that the virus morphology
can provide enough sensitivity as single-particle-single-molecule SERS detection by
combining with previously demonstrated optimization methods [34, 35]. Moreover, in the
experiment Raman signals were stable with less than 10% deviation in time domain, even at
the low concentrations of pico-moles. Blinking, commonly observed in previous literatures
[28], was not observed in the gold virus SERS, which suggests the possibility of
preconcentration around the atomic-scale surface morphology of viral capsid [36, 37].

6.7. Conclusion

In conclusion, we have proposed the usefulness of 3-dimensional viral capsids for
optical antennae realization, and experimentally demonstrated the high sensitivity of these
gold viruses for PRET and SERS spectroscopic imaging. Even though the optical-antenna-
functional layer remained attached to the capsid surface, the gold virus maintained its
inherent ability to infect host cells. Therefore, this study can pursuit be thought to extend
current engineering virus applications, such as material container and drug delivery
capabilities, and generate important new potential as sensitive probes (nanosatellite) in a live
cell system (cellular galaxy) to image biological events at a molecular level. Additionally,
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photothermal based drug activation will be also attainable through the plasmonic eu-virus;
thus an ideal nanoparticle of active targeting, imaging, delivery and molecular sensing will
be practically realized through the gold eu-virus researches.
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Chapter 7

Concluding Remarks

The extensive research into metallic nanostructures over the last couple decades deepened
the understanding of plasmonic phenomena and utilized them to various applications in a
broad range of research fields. And ‘Plasmonics’ is expected to continue to mature existing
applications and find new applications due to newly found promising characteristics. Over
the six main chapters, fundamentals of plasmonics were discussed in terms of molecular
detection via plasmonics, which is considered as the most promising application.
Distinguished from previous approaches, this thesis mainly consider physical fields formed
around excited plasmonic structures by including optical field amplification, photothermal
heat generation, electric and temperature field gradients, depolarization, and non-straight
Poynting vector. It is true that the most important characteristic of plasmonics for molecular
detection is to attain large optical cross-section and focus optical response to strong hot spots,
but a set of strategies like metal choice and required geometry are already prevalent and
relative easy approaches of using numerical (or sometimes analytical) methods are well-
established and prevalent. However, the difference shown in the thesis should be further
discusses for improved molecular detection as well as in-depth understanding of molecular

signal near plasmonic structures.
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Figure 7.1. A plasmonic sensor built-in diagnosis chip. A plasmonic sensor array (i.e., eagle-
beak nanoantenna) will enable precise detection of molecular fingerprints as well as function as
biomolecular separator by using photothermal heat.

The main purpose of plasmonic-aided molecular detection can be various from
improved sensitivity to applications to diverse levels of system. One of ultimate goals of my
research is a diagnosis chip of precise molecular detection. Since central facilities like
hospitals and research centers are not available for every situation and will be even until a far
future, ‘point-of-care’ device will be an important portion as a health-care method. For
improved biomolecular information, a plasmonic-aided sensing platform is suggested as
shown in Fig. 7. 1. From sample preparation to analysis to storage for central facility, a
single chip can function. Here, a plasmonic structure like eagle-beak will be useful to
separate target molecules along size and preconcentrate by photothermal heat generation.
Thus, scanning along a plasmonic sensor array will be able to discover various biomolecules
with improved accuracy.

Also, since plasmonic-aided molecular detection is a non-invasive manner to a living
cell, applying molecular detection methods to a living cell characterization is also expected.
The critical lack of understanding in biological systems is quantitative information in a
dynamic way, which is now suggested to be overcome by plasmonics. For better quantitative
information and physiologically meaningful data from living cells, a single-cell culture
platform will be combined with various plasmonic sensors like substrate and floating
particles. Fig. 7.2 shows a proposed opto-fluidic platform to enhance our understanding of
single-cell heterogeneity and dynamic factors such as cell-cell communications. The
presented microfluidic platform is expected to mimic a tissue consisting of many different
types of cells, and to control microenvironment by involving directional cell-cell
communication along fluidic streamline and continuous refreshment of media.
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Figure 7.2. A microfluidic platform with plasmonic sensors will provide a precise
characterization of cellular communication by detecting secretion molecules.

In conclusion, along with fundamental researches in plasmonics as shown in this
thesis, characteristics not discovered yet will add up and mature potential of plasmonics.
Especially, the plasmonic-aided molecular detection has proven its strength (e.g., single-
molecule detection) and will be connected to a broad range of applications. The flexibilities
in size, fabrication, and operation manner will have less limitation in applications and will
bring improved understanding to various systems such as biological systems.
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A. Fabrication of Metallic Nanotstructures
A.l. Eagle-beak Nanoantenna

Laser interference lithography was applied to fabricate nanopillar array on a quartz
substrate. AZ3035 was used as photoresist. The pillar dimension was varied from 120 ~ 250
nm diameter and 400 ~550 nm height. Electron beam Evaporator (Edward EB3 E-Beam
Evaporator) was used in the metal deposition onto laser interference pillars. First, 1 nm
thickness titanium was deposited as an adhesion layer, and then 20 nm thickness gold was
deposited. The thickness of deposited metal was controlled by crystal monitor built inside the
evaporation chamber. The rate of gold deposition was manipulated by electron beam
intensity. Slow deposition at the rate of 0.01 nm/sec or less took more than an hour to finish
the target thickness, while the temperature of the chamber continued to increase and was
saturated at 85 °C, which is higher than the melting point of photoresist. Also, the rotation of
the sample holder of which the rate was 70 Hz enforced centrifugal force on each LIL pillar
the samples. The combination of high temperature and centrifugal force resulted in the bent
structure of eagle-beak. The curved tip of the eagle beak was created by the combination of
two typical phenomena of evaporation deposition: bending photoresist pillars by localized
heating and ‘edge-rounding’ S1. Heat from the e-beam melting process and evaporated hot
metal particles made the polymer LIL pillars locally melt at the top. The centrifugal force of
sample rotation bent the softened top part of pillars (Fig. A.1). Moreover, the typical
phenomenon called ‘edge-rounding’, which usually happens in metal adhesion on oblique
surfaces, made the gold layer sharper at the pillar surface to work as the EM-field focus point.

i i iii Edge rounding
£

N

~g?

l,

=
=

Centrifugal force

LIL pillar

“Electron-
i beam

73



Fig. A.1. Metal deposition process in the eagle-beak fabrication. (A) Schematic diagram of
evaporation deposition. By changing the angle of sample to the normal direction of deposition,
oblique angle deposition can be applied. (B) Schematic diagram of bending and edge rounding of
eagle-beak during the deposition. (C) Scanning electron micrographs of bare laser-interference
pillars and eagle-beak structure after deposition, and a wafer-scale eagle-beak substrate.

A.2. Gold Nanoflake

A pure aluminum sheet of 99.999% (2-mm thickness) was electropolished to remove
surface irregularities. After washing the surface, electrochemical anodization was applied in
0.3M oxalic acid solution overnight. After this 1st anodization, aluminum oxide layer is
removed to expose uniform dimple aluminum surface (mixture of 1.8 % chromic acid and 6 %
phosphoric acid at 65 C for 6 hrs). Then 2nd anodization is applied in the same condition as
the 1st anodization with various times to control depth of aluminum oxide nanopore (about
100-nm depth per 1 min).

On top of AAO templates, 15-nm gold thin film was deposited by controlling
temperature and deposit rate. Specifically, a process of 80°C chamber temperature,
0.01~0.05nm/sec deposit rate, 3 nm thickness was 5 times repeated with a cooling break to
30 °C. We assume that the repeats of hot and cool temperature cause a large amount of thin
fragment growth with nanogaps.
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-

Fig. A.2. Process of anodized aluminum oxide. From a 2-mm thickness 99.999% aluminum plate,
a series of two step anodization and etching process results in a hexagonally arrayed nanohole
structure. The periodicity and depth of hole can be modulated by the condition of anodization.
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A.3. Gold Eu-virus

Plant leaves having viral infection symptom were harvested one or two weeks after
mechanical inoculation. Then viruses were purified from the infected leaves by standard
methods described by previous literature. Harvested viruses were stored at -20 C° with
addition of 5% ethylene glycol until the usage. Viruses can be stored for many years and
remain infectious.

A conventional electron-beam evaporator (Edwards EB3 Electron Beam Evaporator)
was used to deposit various thicknesses (2 to 10 nm) of gold on the top of drop-and-dry
viruses on a clean glass slide. For control experiments, 33 nm-diameter polystyrene beads
(Duke Scientific Corp.) were prepared in the same way and deposited in the same operation.
To decrease the temperature during the deposit and to increase the deposit directionality, the
evaporation started in a high vacuum (< 4x10-6 torr) and the deposit rate was high (~0.5
nm/sec). After the deposit, the lift-off in water and reattachment on a thiol-functionalized
glass by 3-mercaptopropyl-trimethoxy-silane (MTS) were followed for the optical
characterization of isolated nanoparticles.

(A)

Close packed Viruses on glass

Ku-wrus conjugation

(©)

u-virus on giass

Fig. A.3. Au-viruses conjugation processes. (A) After packing viruses on a glass substrate
through drop casting method, (B) thin gold layer was deposited on the top by using electron-
beam evaporator. The samples in this step were characterized for optical properties and SERS
measurement. (C) For single-particle based experiment including PRET characterization, Au-
virus particles were monodispersed on a modified glass substrate having thiol exposure.
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(A) (8)

Fig. A.4. Electron microscope images of gold virus. (A) SEM image of gold deposited closed
packed CPMV on a glass slide. (B) SEM image of monodispersed 5-nm gold CPMV on glass
slide. (C) TEM image of 5-nm CPMV showing regular structures. All scale bars are 100 nm;
Ones of close-up image in (C) are 20 nm.

B. Raman Measurement

A Raman system was built to an inverted microscope (Axiovert200, Zeiss) with 785
nm diode laser (Power Technology, Inc.). The laser was shined through a dichroic filter and
focused with 20x objective lens (NA 0.4). To avoid bubble generation in the laser-focused
spot, the intensity of the laser was controlled by a neutralized filter positioned in front of the
laser. Raman scattering from the sample was gathered by the same objective lens and
analyzed by a spectrometer (Princeton Instruments Acton SP2300).

As a commonly available SERS molecules, BPE and BT were used to characterize
functionalities of eagle-beak design as SERS substrate. BPE and BT were purchased in
Sigma-Aldrich Co. (CAS number: 13362-78-2 and 108-98-5, respectively), and BPE was
further purified by using a conventional re-crystallization processS2. For BT measurement,
original BT solution was diluted to 5mM with ethanol (EtOH). Then 30min incubation and
rigorous 5min rinsing with EtOH was applied to make a monolayer of BT on the eagle-beak
gold layer S3. On the rotation stage, the dried eagle-beak sample was measured by the
Raman system. Also three different sets of methanol-based BPE solutions were prepared
from 1 mM to 1 fM by diluting solutions 1/10. When the BPE solution was measured by the
Raman system, it was confined in a 1 cm2-sized polydimethylsiloxane (PDMS) well, a 0.25
mm-thickness glass cover slide on the top and a 1 mm-thickness microscope slide on the
bottom. A piece of eagle-beak SERS substrate fractioned from the fabricated 4” original
wafer was attached to the microscope slide in the middle of the PDMS well. Without
incubation time, each SERS measurement was done from the lowest concentration. For
Raman measurement of 0.5 M concentration, the same apparatus consisting of PDMS and
two glass slides was used.
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Mirror

Fig. B.1. Schematic diagram of a setup of Raman spectroscope built in an inverted
microscope.

C. Plasmon Resonance Energy Transfer (PRET) Experiment

Plasmonic  particles (i.e. gold virus) were functionalized with 3-
mercaptopropylcarboxylic acid (MPA) by incubation in 1 mM MPA isopropyl alcohol (IPA)
for 24 h. Then the glass slides were thoroughly rinsed with IPA for 5 min. Reduced form of
cytochrome c¢ (Sigma, St. Louis, MO) which was sold in the oxidized form is attained by the
addition of excess sodium dithionite (Na,S,0,) in deoxygenated PBS buffer solution as
described in the previous literature. As increasing the concentration of cytochrome, dark-
field spectra were kept measured and post-processed to decode the PRET quenching
intensities.

D. Numerical Simulation

Electromagnetic (EM) field: Most of plasmonic structures studied in this thesis were
simulated as 3-dimensional structure by using a multiphysics software COMSOL (version
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3.5). If not mentioned, 3-D scattering RF module was used. In case of nanorod and gold virus,
a single structure was simulated by adding perfectly matched layer to set infinite boundary
condition. In case of periodic structures like eagle-beak nanoantenna, gold flake on AAO and
nanodisk array, proper periodicity was defined by using built-in boundary function. The
dielectric properties of gold layer which is modified Drude Lorentz model was taken from
the previous literature. The mesh was set to be as dense as 1 nm in gold material if the region
is not much curved and a quarter of wavelength in dielectric.

Free convection

with Buoyant force pu-Nu=V-[-pl +n3(Vu+(NVu))]+F

Thermal /A L=
C — 4V (-kNTH=0-pC u-NT
Conduction P p ot ( )=C-pC,u

Chemical diffusion ac _
Thermal diffusion —+V - (-DVec—-cD,NT —ct' +cu)=R
Plasmonic trapping ot

Table D.1. Equations involved in molecular movement around eagle-beak. Photothermal heat

induces buoyant force (l_f) in free convection, heat source (Q) in thermal conduction and
temperature gradient (I'T) in the diffusion equation. Plasmonic trapping force which dominantly
acts around the hot-spot can be expressed as F with multiplying mobility coefficient (i) in the
diffusion equation. Diffusion coefficient and thermal diffusion coefficient were taken from other
references. Other physical factors were followed to general properties of glass, gold and
methanol. In those equations, p is density of solution, # is dynaminc viscosity, C, is heat
capacity, k is thermal conductivity and R is reaction rate.

Molecular movement: To simulate molecular movement around the nanostructure, the
multi-physical equations were included described in Table D.1 by using the software
COMSOL. The photothermal heat was calculated separately from EM simulation since the
time scale is definitely different between electromagnetics and others.

E. High Sensitivity in SERS detection

The sensitivity of SERS is proportional to the number of molecules exposed to
optically enhanced hot spots and electric field with a factor of four. In case of single-
molecule level detection, we have to consider the number of molecule in a critical way since
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the probability for target molecule to stay in the attoliter volume of hot spots. A strategy we
utilized for sensitivity molecular detection in this thesis can be summarized as following:

EF <N, u|E[

olecule

N : Number of Molecule in hot-spot, E: Electric-field

-

molecule-

Electric field Number of molecule in hot-spot

Preconcentration High density of hot-spot

-Detection stability -Spatial detectability
_High sensitivity - High detectability in low - Large area of SERS spot
‘High number of EF concentration _ .

-3-dimensional structures

_Geometry of nanoprobe -Thermal-based - Vertically formed hot-spot to
-Sharp tips or close tip-to- - Geometry for focus of avoid unexpected plasmonic
fip distance thermal pushing & localized coupling

vortex

-Plasmonic-based
- high gradient of electric-field
around hot-spot

F. Geometry Factor in Chapter 3

In the chapter 3, we introduce a geometry factor to simplify thermal profile around
nanorod as spherical shape as shown in following equations.

Q
Tr|r=r0 = Tinf + 4tk
dT, _r. [_ Q
dr ly=r, 4mkry?

In the equations, the temperature does not require the factor correction due to a uniform
temperature on high-conductivity. But the asymmetric shape of nanorod, resulting in
different surface-to-media volume ratio along the surface of nanorod, generate uneven
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thermal gradient on the surface, and therefore requires the geometry correction factor f. From
the empirical comparison, the value was set as shown in Table E.1.

Heat amount Manorod Size 05 0.75 1 1.25 156
Simulation 1.2TE+D3 k. BOE+OT 3 1BE+DT 2 02E+HOT 1. 40E+0T
3.38178E-08 Calculation 5 B3E+DT 2 BOE+DT ABE+DT 0. 33E+D5 6. 48E+D6
Deviation 53.93% 53.71% 53.75% 53.87% 5£3.01%
Simulation 1.24E+09 5.B2E+D8 3.12E+08 2 01E+08 1.38E+08
3.38178E-07 Calculation 5. 83E+D8 2 BEBE+DE 1. 48E+08 0. 33E+07 6. 48E+07
Deviation 52.89% 53.01% 53.23% 53.45% £3.48%
Simulation 2 A2E+09 1.08E+03 8. 18E+03 3. 9TE+D3 2 TBE+08
1.6TE3EE-086 Calculation 1.1TE+DS 5 18E+08 2 G2E+DE 1.8TE+D8 1.30E+08
Deviation 51.88% h2.30% hd.68% A3.00% E3A1%
Simulation 1.11E+10 5.01E+0G 2. G8E+0D 1.8TE+0D 1.31E+09
3.38178E-08 Calculation 5.G3E+DD 2 BBE+DT 1.48E+03 8. 33E+08 6.48E+08
Deviation 47.31% 48.30% 49,30% R.12% R0.60%
Simulation 2. 24E+10 8. TOE+0D 5.51E+0D 3.5BE+0D 2 B2E+0D
1.6T83EE-05 Calculation 1.1TE+10 5.18E+09 2 92E+09 1.87E+09 1. J0E+09
Deviation 47.81% 46.63% A4F.08% 47.88% 483.46%
Simulation 8.45E+10 2. 86E+10 1.48E+10 3.00E+09 8.08E+09
4 15083E-05 Calculation 2 92E+10 1.30E+10 7.28E+09 4 6TE+DS 3.24E+05
Deviation hd.81% h4.66% 40,68% 47.49% 46.72%

Table F.1. Thermal gradient (°C/m) comparison between multiphysics simulation and the
presented equation. The average of deviations is about 50%.

G. Optical cross-section of plasmonic nanostructure

As a representative example, we compare nanorod optical cross-sections under a
resonant and non-resonant excitation. In case of resonant optical excitation, a large amount
of Poynting vectors in space head toward the nanorod due to harmonic oscillation of free
electron in metal, thus resulting in a larger optical crosss-section than geometry cross-section.
Whereas, nonresonant case shows that the optical cross-section is smaller than nanorod
geometry section area.
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Fig. G.1. Optical cross-section comparison between the resonated and non-resonated nanorod.
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