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1) Introduction

The development of plasmonics-active nanosystems has received increasing interest for use
in a wide variety of applications ranging from molecular manufacturing, environmental
monitoring and chemical sensing to medical diagnostics and therapy. Plasmonics refers to
the study and application of enhanced electromagnetic properties of metallic nanostructures.
The term has its origin in the word “plasmon”, the quanta associated with longitudinal
waves propagating in matter through the collective motion of large numbers of electrons.
According to classical electromagnetic theory, when a metallic nanostructured surface is
irradiated by an incident electromagnetic field (e.g., a laser beam), conduction electrons are
displaced into frequency oscillations equal to those of the incident light. These oscillating
electrons, referred to as “surface plasmons,” produce a secondary electric field, which adds
to the incident field. Plasmon resonances of metallic nanoparticles are referred to as
localized surface plasmons (LSPs). LSPs can be excited when light is incident on metallic
nanoparticles whose size is much smaller than the wavelength of the incident light. Resonant
dipolar and multipolar modes can be excited in the nanoparticles at specific spectral
frequencies, inducing significant increase in absorbed and scattered light and enhancement
of electromagnetic fields inside and near the particles. LSPs produce resonance peaks in the
absorption or scattering spectra of the metallic nanoparticles. This condition yields intense
localized fields, which can interact with molecules in contact with or near the metal surface.
In an effect analogous to a “lightning rod”, secondary fields can become concentrated at
points of high curvature on the nanostructured metal surface. Nanoparticles of noble metals
such as gold and silver resonantly scatter and absorb light in the visible and near-infrared
spectral region upon excitation of their plasmon oscillations, and are therefore materials of
choice for plasmon-related devices. Surface plasmons have been associated with important
practical applications in surface plasmon resonance (SPR), surface-enhanced Raman
scattering (SERS) and surface-enhanced luminescence (also referred to as metal-enhanced
luminescence).

Discovery of the SERS effect in the 1970s [1, 2] indicated that Raman scattering efficiency
could be enhanced by factors of up to 10° when the sample is located on or near nano-
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textured surfaces of plasmonics-active metals such as silver, gold, and transition metals.
These discoveries spurred great interest in the research and development of SERS as a
general spectroscopic tool throughout the following decade [3-8]. However, this initial
enthusiasm for SERS declined from the mid-1970s to the early 1980s due to the
irreproducibility of preparing metal nanoparticles in colloidal solution. Furthermore, an
additional limitation in the early development of SERS-based analytical methods was that
SERS enhancement of Raman scattering had been observed for only a few highly
polarizable small molecules, such as pyridine, benzoic acid and their derivatives. Most
studies involved samples at concentrations between 101 and 10~3 M, which are well above
the useful concentration ranges for trace analysis. As a result, the SERS effect found very
few practical applications prior to the mid-1980s.

In 1984, we first reported the general applicability of SERS as an analytical technique, and
demonstrated that the SERS phenomenon is in fact a general effect, and that it can be
applied to a wide variety of chemicals including homocyclic and heterocyclic polyaromatic
compounds [9]. We introduced the use of metal-coated nanostructures as efficient and
reproducible plasmonics-active media, which has led to a wide variety of SERS platforms
for chemical sensing [10-19], bioanalysis and biosensing [20-27], chemical analysis,
medical diagnostics and therapy [28-61]. These nanoplatforms have involved microplates
[9], optical fibers having silver-coated dielectric nanoparticles [22], nanorods [12], nanodots
[54], and nanowires [55]. The fabrication process involves depositing a thin metal film on
substrates having polystyrene nanospheres [9, 11-14, 42, 50], titanium dioxide [18], alumina
[19], or on optical nanofibers [22]. More recently, unique structures such as gold nanostars
have been developed as plasmonics-active probes for SERS detection [40, 41]. Figure 1
shows some examples of plasmonics SERS platforms that have been developed in our
laboratory for SERS applications. These nanoplatforms have led to a myriad of applications
including sensitive detection of chemicals with both environmental and biochemical
significance [9, 21], chemical dyes in art works [31], organophosphorus and chlorinated
toxicants, [15, 16], and DNA-adducts [13]. The SERS technique was first introduced as a
new gene detection modality for a DNA hybridization assay in 1994 [20]. This research has
led to further development of the SERS method for detecting biomarkers of disease such as
DNA/RNA [30, 33, 34, 35, 44, 47, 49, 50] as well as medical theranostics (i.e., both
diagnostics and therapeutics) applications [39, 40, 41, 46, 48, 51]. Certain mechanisms
related to the SERS effect, such as the contribution of electromagnetic interactions, have
been extensively investigated and are reasonably well understood. Moreover, it has been
reported that SERS enhancement from the interstitial space (“hot spots”) between two or
more nanoparticles can approach 1014 to 101°, and allow single-molecule detection [62-64].
Theoretical calculations indicate that the maximum enhancement factor contributed by
electromagnetic processes from “hot spots” is on the order of 1011, Other enhancement
processes such as the contribution of chemical effects are likely to induce further
enhancement effects [65]. The SERS-based plasmonic technology is now receiving
increased interest and contribution from many research groups worldwide.

This article provides an overview of the recent development and applications of plasmonic
nanoprobes and nanosystems in our laboratory for the last few years. Various applications
will be presented to illustrate the usefulness and potential of these nanoplatforms for
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chemical sensing and medical theranostics. The potential for combining the spectral
selectivity and high sensitivity of the SERS process with the inherent molecular specificity
of SERS plasmonic nanoprobes is discussed in the context of early diagnostics at the
molecular level and providing a new tool set for the medicine of the future.

2) Label-Free ‘Molecular Sentinel (MS)’ Biosensing in Solution and on

Nanochip MS Homogeneous Assay in Solution

A unique label-free detection method, called “Molecular Sentinel” (MS) incorporates the
“SERS effect modulation” scheme associated with metallic nanoparticles and the DNA
stem-loop structure [30]. Other research groups have investigated various nanoparticle-DNA
systems and reported methods for quantitative DNA detection [66, 67] and gold nanoshell-
mediated delivery and laser-triggered release of antisense oligonucleotide for gene silencing
[68]. The plasmonics-based MS nanoprobe is composed of a SERS-active metal
nanoparticle and a stem-loop DNA molecule tagged with a Raman label (Fig. 2A). The
nanoprobe utilizes the specificity and selectivity of the DNA base sequence on the loop
portion of the stem-loop probe to detect a specific target DNA sequence of interest by
complementary base pair recognition and hybridization. In the normal configuration and in
the absence of target DNA, the stem-loop configuration keeps the Raman label close to the
metal nanoparticle, inducing an intense SERS effect that produces a strong Raman signal
upon laser excitation (Fig 2B). Upon hybridization of a complementary target DNA
sequence to the nanoprobe, the stem-loop configuration is disrupted, causing the Raman
label to physically separate from the metal nanoparticle, thus quenching the SERS signal
(Fig. 2C).

The operating principle of the detection strategy for the MS probes is based upon the change
of the plasmonic strength of the SERS signal as a function of the distance between the
metallic nanoparticle and the Raman label. The plasmonic enhancement is due to
electromagnetic effects and chemical effects at the metal surface. Studies of electromagnetic
effects have shown that the SERS enhancement, G factor, decreases as G = [r/(r+d)] 12 for a
single analyte molecule located a distance d from the surface of a metal particle of radius r.
The electromagnetic SERS enhancement falls off drastically with increasing distance
between the label and the metallic nanoparticle due to the decay in the dipole over the
distance (1/d)3 to the fourth power, thus resulting in a total intensity decay of (1/d)!2.
Because the Raman enhancement field decreases very significantly as a function of small
dislocation from the surface, a molecule must be located very close (0-10 nm) to the
nanoparticle surface in order to experience the enhanced local field. In the absence of target
genes, the stem-loop configuration keeps the Raman label in contact or close proximity (< 1
nm) to the nanoparticle, thus inducing strong plasmonic enhancement and a strong SERS
signal from the label (Fig. 2B). However, when complementary target DNA is recognized
and captured (i.e., hybridized) by the MS nanoprobe, the SERS signal of the labels is
drastically decreased, indicating target recognition and binding (Fig. 2C).

The SERS MS concept is a label-free technique because the target molecules do not have to
be labeled. The technique is also appropriate for detecting the presence of specific DNA
sequences in a homogenous solution. The SERS MS nanoprobe has been used to detect the
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presence of DNA sequences of the HIV gene [30], breast cancer genes [33] and single-
nucleotide polymorphism [34]. The feasibility of multiplex DNA detection using the SERS-
MS technique has also been demonstrated in a homogenous solution [33]. In this study two
MS nanoprobes, ERBB2-MS and KI-67-MS, were designed and separately prepared to
target breast cancer biomarkers, erbB-2 and ki-67 genes, respectively. These results
demonstrate that the MS nanoprobe technique can provide a useful tool for multiplex DNA
detection in a homogeneous solution for medical diagnostics and high-throughput bioassays.
In addition, SERS measurements are performed immediately following the hybridization
reactions without washing steps, which greatly simplifies the assay procedures. The results
underline the advantage of the SERS-based MS nanoprobes over fluorescence-based assays
for multiplex detection [33].

Molecular Sentinel on Chip

The label-free Molecular Sentinel biosensing concept was further developed and adapted for
use on substrate platforms [44, 50]. A unique platform that is simple, inexpensive to
fabricate is the Nanowave Chip [50]. The substrate, which consists of a metal film over
closely packed nanospheres, was referred to as a “Nanowave” due to its resemblance to a
periodic waveform, was first introduced in 1984 and used as a SERS-active substrate for the
sensitive and reproducible detection of analytes [9]. The Nanowave platform, also referred
to as metal film on nanopheres (MFON) and later used by other researchers [69], belongs to
a subset of SERS-active substrates involving metal film coated on various nanoparticles,
such as titanium dioxide [18] and alumina [19]. Numerical simulations were used to mimic
the Nanowave geometry in three-dimensional space and to confirm its experimentally
observed plasmonic behavior [42]. The study confirms that an in-plane polarized incident
plane wave generates strong enhancements in the interstitial spaces between individual
metal-coated nanospheres, thus producing closely packed arrays of hot spots which produce
the strong SERS effect of the Nanowave substrate structures. The Nanowave chip
fabrication was further refined to become simple with low-cost and high reproducibility
using deposition of a thin shell of metal (e.g., gold) over closely packed arrays of
nanospheres [50]. Use of a self-assembly on a water-air interface method can produce a
large area of closed-packed nanosphere arrays for the Nanowave chip (Fig. 2D). The
Nanowave chip fabrication is relatively simple and low-cost with high reproducibility. The
sensing process involves a single hybridization step between the DNA target sequence and
the complementary MS probes on the Nanowave chip without requiring secondary
hybridization or post-hybridization washing, thus resulting in shorter assay time and less
reagent usage (Fig. 2E). The usefulness and potential application of the biosensor for
medical diagnostics is demonstrated by detecting the human RSAD2 (Viperin) gene, a
common host biomarker of inflammation [50]. This gene is expressed as a response of the
host immune system to the infection of various viruses such as the human cytomegalovirus
(HCMV), influenza virus, hepatitis C virus (HCV), and retroviruses.
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3) Plasmonic Coupling Interference (PCIl) Nanoprobes for Nucleic Acid

Detection

In addition to the surface plasmon-induced enhanced electromagnetic (EM) fields within the
region near the surface of metal nanoparticles, the EM field is particularly strong in the
interstitial space where two adjacent nanospheres are in contact (often referred to as the “hot
spot” region) [70]. Furthermore, the coupling of plasmonic structures could also produce
hybridized plasmon modes leading to coherent phenomena based on coupled-oscillator
processes, such as Fano resonances in coupled nanodisks [71]. The phenomenon involving
the plasmonic coupling effect could also provide a further enhancement effect for SERS
detection [52, 53]. The plasmonic coupling effect is due to the mutual enhancement of
surface plasmon local electric fields of several nanoparticles that determine the dipole
moment of a molecule trapped in a gap between particles. The magnitude of the EM field in
the gaps depends on the separation distance between nanoparticles [36]. To practically
control the separation distance between particles, DNA oligonucleotides have been utilized
to assemble nanoparticles into an aggregate in a controllable manner.[72, 73] This self-
assembly strategy has led to the development of sensitive DNA detection methods based on
the plasmonic coupling effect.[74, 75]

We have developed a label-free, SERS-based DNA/RNA detection scheme called plasmonic
coupling interference (PCI) [47], which combines the plasmonic coupling effect with DNA
hybridization biosensing. Figure 3 schematically illustrates the basis of the PCI detection
strategy. In this approach, oligonucleotide-functionalized nanoparticles are prepared as
capture probes (Capture-NPs) and complementary Raman-labeled reporter probes (Reporter-
NPs) (Figure 3A) are prepared and allowed to react in order to assemble nanoparticles into
nano-aggregates. To induce the plasmonic coupling effect, Capture-NPs and Reporter-NPs
are mixed in a hybridization buffer solution in order to form nano-aggregates mediated by
capture/reporter oligonucleotide duplexes having the Raman label located between adjacent
NPs (Figure 3B). In this situation the Raman label molecules located between two
nanoparticles (hot spot area) experience a strong plasmonic coupling effect, which induces
an intense SERS signal of the Raman labels upon laser excitation. When the target
sequences are introduced to the sample, they will act as competitors of the Reporter-NPs in a
competitive binding process. As a result, the plasmonic coupling is interfered with by the
target molecules and the SERS signal is significantly reduced (Fig. 3C).

The PCI technique was used for the detection of microRNA sequences, which are a class of
small noncoding endogenous RNA molecules emerging as promising biomarkers for cancer
diagnostics and classification. For proof of concept, the miR-21 microRNA was used as a
model since it has been identified as an oncogene overexpressed in a variety of different
tumors. We designed the unlabeled capture probe and the Cy3-labeled reporter probe with
the sequences of 5’-SHTCAACATCAGTCTGATAAGCTA-3’ and 5’-SH-
TAGCTTATCAGAC-Cy3-3’, respectively, for the detection of the mature human
microRNA miR-21 molecule with the sequence of 5’-
UAGCUUAUCAGACUGAUGUUGA-3’. The unlabeled capture-(miR21)-probes are fully
complementary to the mature miR-21 sequences and the Cy3-labeled reporter-(miR21)-
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probes are complementary to a partial sequence of the unlabeled capture-(miR21)-probes.
The results in Figure 3D illustrate that the PCI technique can be used as a novel tool to
detect miR-21 molecules for medical applications. In the presence of 100 nM miR-21 targets
(Fig. 3d, lower spectrum), the SERS intensity was significantly reduced, indicating that
interference of the plasmonic coupling effect was produced. However, in the absence of the
target microRNA sample (Fig. 3d, upper spectrum: positive control) or in the presence of
100 nM non-complementary DNA samples (middle spectrum: negative control), the SERS
signals were enhanced in both cases indicating that the plasmonic coupling effect was
induced through the aggregated nanoparticles.

4) SERS Nanoprobes for Chemical Sensing

Combining the intrinsically narrow Raman peaks, which serve as spectral fingerprints, and
the plasmonic effect for signal intensity enhancement, the SERS technique provides
important tools for trace analysis and chemical sensing. A wide variety of metallic
nanoparticles and nanoplatforms having various shapes and structures have been
investigated theoretically and found to exhibit unique plasmonics properties [21, 36, 52-55].
Improved knowledge of the plasmonics effect and advances in theoretical calculation and
simulation studies of the electromagnetic enhancements will lead to the design and
fabrication of plasmonics-active nanostructures with optimal enhancement properties. Our
laboratory has recently introduced gold nanostars as novel multi-functional plasmonic-active
nanoplatforms for both sensing and therapy [40]. Gold nanostars exhibit a unique star shape
and several interesting photonic properties that can be exploited for molecular imaging and
cancer therapy. In contrast to other nanoparticles that requires hours of elaborate chemical
processes, our high-yield nanostar synthesis method is simple and takes less than 30 seconds
to complete. Unlike most nanoparticle synthesis methods that use cetyltrimethylammonium
bromide (CTAB) or poly N-vinylpyrrolidone (PVP), our synthesis method requires no
addition of surfactant, rendering the surfactant-free nanostar biocompatible and surface
functionalizable (Figure 4, Top). These features are important for biomedical applications.
The optical properties of nanostars having different branches (S10-S30) were calculated
[48]. The 3D nanostar simulations were performed using the finite-element method (FEM)-
based software package Comsol Multiphysics v3.4, which yields solutions to the local E-
field around 3D metallic nanostructures. The scattering and absorption behavior of our
nanostars was investigated by evaluating the polarization-averaged scattered E-fields in their
vicinity as they were discretely rotated around the x-y axis in 3D space. Figure 4 (Bottom)
depicts that the local E-field is most greatly enhanced at the tips of those branches that are
aligned, at least partially, with the incident polarization. The enhancement was strongest
when the particle's plasmon resonance matched the incident energy. To date, implementing
gold nanoparticles for biomedical applications has generated strong interest. In particular,
two major potential applications utilizing two-photon photoluminescence imaging and
photothermal cancer therapy will be highlighted.

In general, metal nanoparticles tend to aggregate in solution, thus preventing quantitative
analysis. However, when they are coated with surfactants or organic ligands such as PEG, or
inorganic materials such as silica, nanoparticles remain non-aggregated and allow
quantitative analysis. A method The development of gold nanoparticles coated with ultrathin
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silica shells has led to a method by which SERS can be obtained from virtually any surface.
[76, 77] Eigure 5 illustrates the possibility of using NIR dye-labeled gold nanostars for
SERS quantitative analysis. Using a 785-nm laser at 230 mW, the SERS spectra were
measured using DTTC (an NIR dye) embedded in silica-coated gold nanostars over a range
of concentrations from 0 to 0.125 nM showing a linear and reproducible response.

The exquisite spectral specificity of SERS in chemical sensing is illustrated in our studies
related to pH sensing. Local pH environment is an important physiological biomarker for
tumor detection since solid tumors contain a highly acidic internal environment due to high
glucose metabolism rate and poor perfusion. Furthermore, knowledge of intracellular pH
values is essential in cellular studies of protein structure, enzymatic catalysis, drug delivery
and effects of cellular transport and exposure to environmental toxicants. Fluorescence has
been used for pH detection but suffers from tissue autofluorescence background and
photobleaching. A plasmonics-active nanosensor has been developed for intracellular
measurement of pH in single living human cells using SERS detection [56]. The nanoprobe
is functionalized with thiolated ligands or labels, thereby imparting the molecular specificity
required for intracellular biodetection and bioanalysis. The fabrication of the pH nanosensor
is similar to that of previous nanosensors developed for single-cell analysis [57-60] by
tapering optical fibers using a commercially available pipette puller, producing nanoprobes
of 30-50 nm in diameter. These nanobiosensors combining molecular bio-recognition with
nanotechnology provide powerful new techniques for in vivo monitoring of biochemical
processes in a living cell [60]. Antibody-based nanosensors were developed to monitor the
carcinogen benzo[a]pyrene (BaP) [57], benzopyrene tetrol (BPT), a DNA-adduct biomarker
of human exposure to the BaP [58], and apoptosis in a single cell following photodynamic
therapy [59]. For measuring pH, these tapered optical fibers were coated with a 6-nm mass
thickness of silver at ~ 10~/ torr atmospheric pressure using an electron beam evaporator.
Following Ag island film (AglF) deposition, the nanoprobes were functionalized for 15
seconds in 10 mM paramercaptobenzoic acid (pPMBA) dissolved in ethanol, which anchored
pMBA to the AglF via a silver-thiol covalent bond. The carboxyl group of pMBA is pH
sensitive across the physically relevant range, thereby rendering the nanoprobe pH sensitive
across that range as well. The effectiveness and usefulness of the SERS nanoprobes are
illustrated by measurements of pH values inside HMEC-15/hTERT immortalized “normal”
human mammary epithelial cells and PC-3 human prostate cancer cells [56].

Plasmonic gold nanostars have been developed for pH sensing in a study combining
theoretical and experimental investigations [61]. SERS spectral changes of the pH-sensitive
dye (pPMBA\) in the range 1000-1800 cm~ with pH variation between 5 and 9 were
identified in experiments (Figure 6) and vibrational modes were assigned using theoretical
calculations. In order to investigate those SERS spectrum changes observed in the
experiments, Density Functional Theory (DFT) calculations were performed for simulation
models of pMBA-Au and pMBA-Ag (Fig. 6A) since the synthesized nanostar has been
reported to contain a major percentage of gold and a minor percentage of silver. All
quantum chemical calculations were performed with the program package Gaussian 03.
DFT calculations with the B3LYP functional and 6-311++G (d, p) basis set were used for all
the atoms except gold or silver in the optimization of the ground state geometries and
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simulation of the vibrational spectra. The Raman peaks of pMBA at protonated and
deprotonated states from DFT calculations are shown in Fig. 6B. The Raman peak position
for benzene ring stretching at ~1580 cm™1 (Fig 6C) was identified to be a unique index for
pH sensing since it was found to have a consistent downshift when pH value increases (Fig.
6D). The calculated Raman peak for this vibrational mode has a 26.2 cm~1 down-shift when
the simulated pMBAAuU complex changes from the protonated to deprotonated state. This
phenomenon is confirmed and well-explained with DFT simulation to be due to the coupling
between the benzene ring stretching mode and the carboxylic group stretching mode. This
unique pH sensing index could be used for chemical sensing and molecular imaging
applications. The use of nanosensors and nanoprobes could provide unprecedented insights
into intact cell function, allowing studies of molecular functions in the context of the
functional cell architecture in an integrated system approach.

5) Two-Photon Luminescence and Photothermal Nanotherapy Using

Plasmonic Gold Nanostars Two-photon photoluminescence imaging

Two-photon photoluminescence (TPL) imaging offers a strong optical contrast mechanism
for viewing metal nanoparticles in real-time [78, 48]. Traditionally, detection of metal
nanoparticles requires the use of transmission electron microscopy or inductively-coupled
plasma mass spectroscopy, both of which are not suitable for imaging live specimens. Dark-
field microscopy or reflectance confocal microscopy have been applied but are limited by
poor imaging resolution especially in tissue samples. Under single-photon excitation, gold
nanoparticles exhibit extremely weak luminescence. The development of multiphoton
microscopy, which is based on femtosecond pulsed laser excitation, offers a new way to
visualize single metal nanoparticle with superior resolution [79]. Interestingly, multiphoton-
induced photoluminescence intensity changes dramatically in regard to the localized surface
plasmon resonance. The visible photoluminescence is attributed to interband recombination
of holes in the d band with electrons in the conduction band near the Fermi surface [80]. By
tuning the surface plasmon of metal nanoparticles to match the multiphoton laser excitation
wavelength, high-resolution imaging of gold nanoparticles has been reported in several
studies [78, 48, 81-85], including assessing the intracellular distribution and quantity of
nanoparticles (NPs) [40, 41, 45, 86-91], to visualize membrane receptors [92], and to detect
cancer cells [48, 82, 84, 87, 93, 94].

Plasmonic gold nanostars have recently been applied for TPL imaging by Wei et al. and
Yuan et al., who first reported nanostars’ TPL imaging in vitro and in vivo, respectively [48,
91]. A quadratic dependence of TPL intensity on nanostars (excitation power below 10 mW)
indicated an underlying nonlinear two-photon process on nanostars [48]. The TPL excitation
matches the nanostars’ plasmon spectra, indicating an underlying TPL mechanism involving
plasmon coupling [95]. In contrast to other NIR-plasmonic nanoparticles, nanostars not only
have plasmon in the NIR range but also multiple sharp tips creating a “lightning rod” effect
that further enhances the local surface plasmons.

The combined effect from these two properties leads to a two-photon action cross section
(TPACS) of nanostars up to 1087 Géeppert-Mayer units (GM) 648], which is higher than
that of quantum dots (10-10° GM) and organic fluorophores (102-103 GM). With such a
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high TPACS, nanostars have been used to study nanoparticle uptake profiles in vitro and the
real-time tracking of nanostars in vivo [40, 41, 48]. To enhance cellular uptake TAT-NS
were synthesized as illustrated in Figure 7A (41). The TAT nuclear targeting peptide, an
HIV-1 protein-derived TAT sequence, has been previously shown to aid entry of cargo
through the cell membrane via normal cellular processes and, furthermore, to localize small
cargo to the nucleus of the cell. Silver nanoparticles co-functionalized with the TAT peptide
showed greatly enhanced cellular uptake over the control nanoparticles lacking the targeting
moiety [37]. TAT-peptide functionalized gold nanostars (NS) are taken up by cells
significantly more readily than bare or PEGylated NS (Figure 7B). The cellular uptake
mechanism involves actin-driven lipid raft-mediated macropinocytosis, where particles
primarily accumulate in macropinosomes but may also leak out into the cytoplasm [41].

Photothermal Nanotherapy

Photothermal therapy involves treating cancer through hyperthermia generated by photon
energy. Since cancer cells are more susceptible to elevated temperature (> 42 °C) than
normal cells, hyperthermia has been used to treat cancer for many years [96, 97].
Conventionally, hyperthermia is delivered using microwaves or heat applicators. However,
these methods are not suitable for deep-seated tumor and the heating distribution is often not
well controlled. Another therapeutic modality, high-intensity focused ultrasound (HIFU) has
been used for selective heating of deep tumor, but it typically requires a clear acoustic
window and relatively long treatment duration. More importantly, these methods are only
macroscopically confined to the tumor area but are not tumor-specific at the cellular level.
To improve tumor specificity and efficacy, the therapeutic agent needs to go inside the
tumor, be retained in the tumor, and then transduce external stimuli to activate the
therapeutic process. Such a strategy is the fundamental approach of our group for
photothermal cancer therapy using nanoparticles, which we referred to here as photothermal
nanotherapy. Following intra-tumoral delivery, the nanoparticle acts as a photothermal
transducer to efficiently convert photon energy to heat for selective cancer therapy at the
nanoscale level with the use of nanoparticles. In particular, NIR-plasmonic gold
nanoparticles have become one of the most efficient photothermal transducers that operates
in the tissue optic window for deep tissue heating. A NIR-plasmonic gold nanoparticle
exhibits a high absorption-to-scattering ratio (> 9) and extinction coefficient (up to 1010 M~1
cm~1), which is much greater than that of QDs (10* M~1 cm™1), fluorescein (10° M~1 cm™1)
and carbon nanotubes (10> M~1 cm~1), making gold nanoparticles a powerful
photothermal therapeutic agent [40, 98]. Various photothermal therapy studies using
plasmon-enhanced local tumor hyperthermia have been demonstrated [99, 100].

We have demonstrated that NIR-plasmonic gold nanostars provide an effective platform for
photothermal therapy. Fabricated using a simple surfactant-free plasmon-tunable synthesis
method [48], nanostars exhibit a high absorption-to-scattering cross section ratio due to the
presence of multiple thin branches on a small core [40]. Multiple sharp branches are also
more favorable for heat generation than single branch or spherical nanoparticles. Lu et al.
and Yuan et al. applied star-shaped nanoparticles to photothermal therapy for the first time
invitro and in vivo, respectively [101, 40]. Using the TAT peptide-functionalized nanostars
to facilitate the intracellular delivery followed by irradiation with a femto-second pulsed
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laser, a successful in vivo photothermal therapy was achieved under an irradiance of 0.2
W/cm [41], which is below the maximal permissible exposure of skin per ANSI regulation
(Figure 8). These studies demonstrated that gold nanostars have great potential for use in
photothermal cancer nanotherapy.

7) Theranostics Combining SERS Detection and Photodynamic Therapy

While the early applications of SERS focused mainly on spectrochemical analyses, there
have been a growing number of reports using Raman dye-labeled nanoparticles as SERS
tags in recent years. These tags provide numerous advantages over the conventional
fluorophore in labeling applications. SERS tags are well suited for multiplex detection with
the narrow, fingerprint-like Raman spectra and need for only one excitation source, whereas
fluorophores typically have very broad, featureless emission peaks that require a specific
wavelength for excitation. Another advantage is that SERS tags do not suffer from
photobleaching and matrix effects that are often troublesome for fluorescence-based assays.
Nanoparticle-based labels are also more robust than free dye molecules as they can be
encapsulated in an inert shell, such as silica, to prevent degradation in biological
environments.

The gold nanostar platform that was recently developed in our laboratory has proven to be
an excellent substrate for creating SERS tags [39, 43, 45, 46]. The multiple branches of the
nanostars’ geometry produce strong enhancement of the EM field due to the ‘lightning rod’
effect [48]. Since the base of the adjacent branches in the nanostars act as ‘hot spots’ on
each particle, aggregation is not required to obtain SERS, whereas with spherical particles
aggregation is required to create hot spots. It is possible to control the synthesis of nanostars
such that their surface plasmon resonance (and maximum EM enhancement) are tuned in the
NIR spectral range of the tissue diagnostics window (700-1200nm), an advantage for
biological applications. When encapsulated in a silica shell, Raman-labeled nanostars
become capable of both carrying drugs within the porous silica matrix and serving as an
imaging agent. We have demonstrated this theranostic capability (therapy and diagnostics)
by loading photosensitizing drugs onto the particles for photodynamic therapy (PDT), a
promising modality for the treatment of a variety of diseases. Following activation by light
at the appropriate wavelength, the photosensitizer molecule is excited to a singlet state, and
then to the triplet state via spin-orbit coupling, followed by energy transfer to nearby oxygen
molecules, which results in the production of reactive oxygen species (ROS). These ROS
species can then damage nearby cellular components and cause cell death by apoptosis or
necrosis [102].

The combination of SERS tag and PDT drug carrier into a single platform is promising for
theranostic applications. Our first proof-of-concept design used a NIR Raman dye labeled
nanostar with the photosensitizer methylene blue (MB) encapsulated in a silica shell around
the particles [39]. Figure 9A provides a schematic overview of this design. The gold
nanostars were first labeled with a NIR Raman dye, and then coated with silica that was
embedded with MB. Excitation at 785 nm produces a strong SERS signal from the Raman
dye on the nanostar core. This wavelength of light also falls outside of the absorption band
of MB, thus preventing any unwanted activation of the photosensitizer. When exposed to

Nanoscale. Author manuscript; available in PMC 2015 March 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vo-Dinh et al.

Page 11

633-nm light, fluorescence (and singlet oxygen) from the embedded MB is observed. As can
be seen in Figure 9B, cell death only occurs in the area that was irradiated. Figure 9C shows
that when nanostars are coated with silica without embedded MB, 633-nm laser exposure
has no effect on the cells.

After demonstrating the feasibility of using such a nanoconstruct for both detection and
treatment, we applied the platform to intracellular Raman imaging and photodynamic
therapy in vitro (Figure 10) [46]. The theranostic nanoplatform was further functionalized
with a cell-penetrating peptide, TAT, which increased the efficacy of our construct by
increasing intracellular accumulation of particles [37]. In this case, the particles were labeled
with a dye to match the 633-nm laser excitation of our Raman mapping system.
Protoporphyrin 1X was encapsulated in the silica shell as the PDT drug, and was activated
using UV light from a filtered mercury lamp. Figure 10D shows a dramatic increase in
intracellular particle accumulation when the particles were functionalized with the TAT
peptide, after a 1 hour incubation period with the cells. The greater number of particles per
cell allows for effective Raman imaging (Figure 10E) and PDT (Figure 10F) with the short
incubation time used. In contrast, without TAT, there are not enough particles within the
cells to allow Raman imaging (Figure 10B) or to be effective for PDT (Figure 10C). Results
of the live/dead staining are shown in Figs. 10C and 10D. Live cells are stained green and
dead cells are stained red. Cell death due to PDT is highly evident in Fig. 10D. These results
show the potential for using SERS-labeled nanoplatforms for both detection and treatment
of disease.

8. Conclusion

Plasmonics-active nanoplatforms offer a number of important advantages in chemical
sensing, imaging and medical diagnostics. The Molecular Sentinel nanoprobe technique can
provide a useful tool for multiplexed DNA detection in a homogeneous solution for medical
diagnostics and high throughput bioassays. The results demonstrate the specificity and
selectivity of the MS nanoprobes, as well as the ability to use multiple MS nanoprobes for
multiplexed DNA detection. The ability to simultaneously detect multiple nucleic acid
biomarkers (such as DNA, mRNA, miRNA) is critical for many applications such as high-
throughput screening and systems biology research and early medical diagnostics at the gene
and molecular level. In particular, the development of practical and sensitive detection
techniques with highly multiplexing capability, such as SERS-based techniques, could lead
to personal medicine and improved accuracy for disease diagnosis, since a variety of
molecular alterations in multiple genes are usually involved in progression of various
illnesses ranging from cancers to infectious diseases. The MS sensing scheme can be
adapted readily to a chip platform, such the Nanowave chip, the fabrication of which is
simple and low in cost with high reproducibility. Furthermore, the SERS measurements can
be performed immediately following the hybridization reactions involving a homogeneous
assay without washing steps, which greatly simplifies the assay procedures.

Plasmonics—active probes such as gold nanostars provide an excellent theranostic platform,
combining two-photon luminescence with photothermal therapy or Raman imaging and
photodynamic therapy. The use of the cell-penetrating peptide, TAT, greatly increases
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particle uptake by the cells, enhancing the efficacy of the nanostars construct. The particles
exhibited no cytotoxic effect under dark conditions. The results of animal experiments
indicate that the nanostars provide a useful nanoplatform for in vivo sensing and therapeutic
applications. Due to the well-established strengths of SERS including a lack of
photobleaching and photodegradation, the ability to perform multiplexed bioanalysis using a
single laser wavelength, and narrow spectral width of Raman bands, the multiplexing
capability of Raman and SERS techniques is excellent in comparison to the other
spectroscopic alternatives, thus for many applications in in vitro and in vivo medical
diagnostics, environmental exposure assessment, drug development and high throughput
screening. The combination of plasmonics-enhanced SERS sensing and treatment (e.g.,
photothermal and photodynamic modalities) will opening new horizons to future theranostic
applications.
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Figure 1.
SERS-active plasmonic platforms

(A) Nanowave platform consisting of nanosphere arrays coated with metal film [Adapted
from Ref. 4];

(B) Top Left: Schematic of gold-coated silicon-germanium nanowires with a diamond-
shaped structure, epitaxially grown from silicon nanowires; Top Right: Scanning electron
microscopy (SEM) image of 2D gold-coated silicon-germanium nanowires formed on
silicon-on-insulato ; Bottom Left: Transmission electron microscopy (TEM) cross-section
image showing atomic layer deposition of platinum (black color) on the diamond-shaped
nanowires (dark grey color) [Adapted from ref. 55]

(C)Metal film on nanorod arrays fabricated using nanolithography and plasma etching
[Adapted from Ref. 12]

(D) SERS-active pH nanosensors for single-cell analysis [Adapted from Ref. 56]
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Figure 2.
(A) Operating Principle of a SERS Molecular Sentinel (MS) Nanoprobe. . (Adapted from

reference 30)

(B) A SERS signal is observed when the MS probe is in the stem-loop conformation with
the label close to the nanoparticle, inducing a strong SERS signal (closed-state),

(C) Following hybridization with a target probe, the stem opens and separates the label from
the nanoparticle causing the SERS signal to decrease

(D) Application of the label-free MS detection scheme on Nanowave chip

(E) SEM image of Nanowave chip substrate. In this substrate, a monolayer of 520-nm
diameter polystyrene beads is covered by a 200-nm thick Au layer. (Adapted from reference
50)
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Figure 3.
The Plasmonic Coupling Interference (PCI) Detection Scheme.

(A) Silver nanoparticles are functionalized with thiolated capture oligonucleotides (Capture-
NP) or complementary DNA probes labeled with a Raman dye (Reporter-NP).

(B) Plasmonic coupling effect between adjacent nanoparticles is induced by the formation of
capture/reporter complementary base-paired duplexes, which couple Capture-NPs and
Reporter-NPs in a short separation distance.

(C) The plasmonic coupling effect is interfered with by the formation of target/reporter
duplexes.

(D) MicroRNA detection using the PCI Technique. Upper spectrum: positive control (blank)
sample containing a mixture of capture-(miR21)-NPs and reporter-(miR21)-NPs. Middle
spectrum: in the presence of non-complementary DNA sample as the negative control test.
Lower spectrum: in the presence of complementary miR-21 targets (adapted from Ref. 47).
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Figure4.
(Top) TEM images of nanostars having different numbers of branches: S10 (10 branches),

S20 (20 branches) and S30 (30 branches). The scale bar is 50 nm.

(Bottom) Simulation of |E| in the vicinity of the nanostars in response to a z-polarized plane
wave incident E-field of unit amplitude, propagating in the y-direction, and with a
wavelength of 800 nm. E-field enhancement is greatest on S20. The insets depict the 3D
geometry of the stars. Diagrams are not to scale. (Adapted from Ref.48)
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Figurebs.
Calibration curve showing SERS intensity for the NIR dye, DTTC, on gold nanostars coated

with silica monitored using peak at 507 cm™1 over a range of concentrations from 0 to 0.125
nM. The spectra were measured using the 785-nm laser at 230 mW. Inset: Full spectrum of
0.125 nM DTTC-nanostar in solution
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Figure®6.
SERS Nanoprobe for pH Monitoring (Adapted form Ref. 61)

(A) Molecular models for DFT calculations. a. pMBA-Au complex under the protonated
state (Au_COOH). b. pMBA-Au complex under the deprotonated state (Au_COQ"). c.
pMBA-Ag complex under the protonated state (Ag_COOQOH). d. pMBA-Ag complex under
the deprotonated state (Ag_COO").

(B) Calculated Raman peaks for pMBA-Au and pMBA-Ag complexes at the protonated
(black) and deprotonated (red) states.

(C) pH dependence of SERS spectra (1570 cm~1-1600 cm™1): Detail of the spectroscopic
range for monitoring pH.

(D) SERS peak position as a function of pH.
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Figure?.
TAT-functionalized gold nanostars. (A) Synthetic schematics for TAT peptide

functionalization on nanostars. Bare nanostar was coated with thiolated-PEG then with

cysteine-terminated TAT. (B) Cellular uptake of 0.1 nM bare nanostars, PEG-nanostars, and
TAT-nanostars incubated 24 hours on BT549 cells. Aggregated bare nanostars correspond to
the white big punctates on TPL image. PEG-nanostars showed very minimal uptake.
Endosomal and cytosolic TAT-nanostars corresponds to the diffuse white pattern on TPL
image. Nanostars are white and nuclei are stained blue. TPL image size: 125x125 um?2.
(Adapted from Ref. 41)
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Figure8.
Photographs and multiphoton microscopy images 48 hours after nanostars injection before

(top) and after (bottom) the irradiation. (A) Before the irradiation, the window appeared
intact; (B) Nanostars (white color) extravasated into the tissue and near the perivascular
space; Green color from FITC-dextran delineates the blood vessels; (C) After the laser
irradiation (785 nm 1.1 W/cm2, 10 min), a localized hemorrhage was formed (white arrow):
(D) Leakage of FITC-dextran into the tissue was apparent in the irradiated spot but not
outside the hemorrhagic spot. Microscope images are 508x[108 um?2. (Adapted from Ref.
40)
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Figure9.
(A) Overview of the proof-of-concept theranostic construct. Upon excitation at 785 nm,

SERS is observed from the NIR Raman dye on the nanostar surface. Excitation at 633 nm
generates fluorescence (and singlet oxygen) from the MB embedded within the silica shell.
(B) shows effective PDT on breast cancer cells after incubation with MB-loaded particles
and light exposure. In (C), the same light exposure was performed on cells treated with
silica-coated nanostars that did not contain MB, showing no evidence of any photothermal
effects. Figure adapted from [39].
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Figure 10.
Two photon luminescence imaging (A, D), Raman imaging (B, E) and cell viability after

photodynamic therapy (C, F) of the theranostic nanoconstruct functionalized with (D-F) and
without (A-C) the TAT peptide. Raman images were created by taking 5s acquisitions at
each point (2 um step size) over the selected area and integrating the intensity of a SERS
peak from the labeled nanoparticles. For PDT, the photosensitizer was activated by exposure
to UV light (30s, 4.4 W cm™2). Cell viability staining was performed to visualize the
effective cell destruction. Scale bars in A and D are 1 um, the scale in B and E are the same,
and the scale bars in C and F are 250 um. Figure adapted from Ref 46.
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