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ABSTRACT: The localized surface plasmon resonance of
metal nanoparticles is the collective oscillation of electrons
on particle surface, induced by incident light, and is a
particle composition-, morphology-, and coupling-depend-
ent property. Plasmonic engineering deals with highly
precise formation of the targeted nanostructures with
targeted plasmonic properties (e.g., electromagnetic field
distribution and enhancement) via controlled synthetic,
assembling, and atomic/molecular tuning strategies. These
plasmonically engineered nanoprobes (PENs) have a
variety of unique and beneficial physical, chemical, and
biological properties, including optical signal enhancement,
catalytic, and local temperature-tuning photothermal
properties. In particular, for biomedical applications,
there are many useful properties from PENs including
LSPR-based sensing, surface-enhanced Raman scattering,
metal-enhanced fluorescence, dark-field light-scattering,
metal-mediated fluorescence resonance energy transfer,
photothermal effect, photodynamic effect, photoacoustic
effect, and plasmon-induced circular dichroism. These
properties can be utilized for the development of new
biotechnologies and biosensing, bioimaging, therapeutic,
and theranostic applications in medicine. This Perspective
introduces the concept of plasmonic engineering in
designing and synthesizing PENs for biomedical applica-
tions, gives recent examples of biomedically functional
PENs, and discusses the issues and future prospects of
PENSs for practical applications in bioscience, biotechnol-
ogy, and medicine.

1. INTRODUCTION

Many metal nanoparticles (NPs), such as gold and silver NPs,
possess promising properties such as high surface area,
controllability of a variety of nanoscale structural features, and
availability of conjugation sites on surface. More interestingly,
these metal NPs can confine and amplify the light within an
ultrasmall volume of a particle due to the localization and
coupling of surface plasmons (collective oscillation of free
electrons) with electromagnetic waves [this is called the localized
surface plasmon resonance (LSPR)].' Augmented electro-
magnetic field near the surface of a metal NP modulates and
promotes a variety of physicochemical processes and applications
such as non-linear optics,” surface-enhanced vibrational spectros-
copies,” photovoltaics,” metamaterials,” photothermal trans-
duction,® plasmonic catalysis,” and “hot electron—hole” pair
generation.” In particular, these NPs are quite useful for
biomedical applications. In this regard, these particles provide
strong, controllable optical properties, high controllability in
composition and structure, availability of various synthetic
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schemes in forming targeted nanostructures in a high yield,
reliable bioconjugation chemistries, implantability of multi-
functionality in a single particle, high stability, and biocompat-
ibility.” Among these, designing and tuning the plasmonic
properties of these particles, including enhanced optical,
photothermal, and photoacoustic properties, have been of
special interest recently. However, precise engineering of these
plasmonic properties on a nanometer scale and designing
principles of these plasmonic bioprobes for the clinical
applications are still ongoing subjects and under heavy scrutiny.'’

The LSPR-dependent properties can be engineered based on
the judicious selection of the size, shape, composition, and
coupling of plasmonic NPs. The synthesis and proper use of such
plasmonically engineered nanoprobes (PENs) based on the
detailed, correct understanding of these probes for a specific
biomedical application are key to successful development of
plasmonic bioprobes (Figure 1A)."" In deciding the plasmonic
properties of PENs, nanoscale structural features such as
junction, hollowness, sharp edge, pointed tip, flat interface, and
symmetry along with strong plasmonic coupling-inducing
plasmonic nanogap are critical and allow for controlling the
plasmonic properties and augmenting the electromagnetic field
of PENs.'” Further, small organic molecules, surfactants,
polymers, biomolecules such as DNA and proteins, and DNA
origamis have been utilized to modulate and facilitate the
formation of targeted PEN structures with targeted plasmonic
features, and these cause crystallographic surface strain for lattice
mismatch and different metal growth kinetics."> It should be
noted that interparticle distances between plasmonic NPs or
plasmonic gap size and shape largely affect the plasmonic
properties of PENs. Controlling these distances on the
nanometer or sub-nm scale is critical for tuning their optical
and other plasmonic properties.'" Another important part is the
symmetry of nanostructures, and the symmetry breaking of
PENs can generate higher electromagnetic field, multipolar
plasmon modes, and new plasmonic properties such as Fano
resonances and plasmon-induced transparency.'* From the
perspective of synthetic accessibility of many different PEN
structures, the intrinsic crystallographic symmetry of NP seeds
normally exhibits epitaxial symmetrical growth. However,
playing with factors such as morphology, reducing agents,
crystallographic mismatch, choice of the capping ligands, and
control of kinetic and thermodynamic conditions can result in
various non-spherical, asymmetric structures.'>'® Further,
biomolecule-mediated assemblies of PENs into chiral config-
urations give rise to the chiroplasmonic response that can be used
as a highly sensitive and selective signaling tool for
biodetection.'”'® Also, the shift in chiroplasmonic absorption
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Figure 1. Plasmonically engineered nanoprobes (PENs) for biomedical applications. (A) Tuning and combining plasmonic building blocks, non-
plasmonic building blocks, and modulators and formation of PENs via engineering particle morphology, particle composition, assembled structure,
hybrid structure, surface modification, and bioconjugation. (B) Representative biomedical applications of PENS.

wavelength upon interaction with chiral biomolecules such as
proteins gives secondary and tertiary structural information."”
Designing and integrating nanoprobes with plasmon-induced
beneficial features for biomedical applications is a challenging
task due the complexity in structure design and synthesis and
understanding of the properties for a variety of applications
under different in vitro and in vivo environments in bioscience
and medicine (Figure 1).2%?" Further, clinical studies and

eventual use in medicine are time- and money-consuming and
highly complicated due to the complex physiologies and a myriad
of different needs and issues that should be fully addressed for
each case. To achieve this challenging goal, designing, synthesiz-
ing, and validating PENs for a specific application are of foremost
importance. In this Perspective, we provide basic concepts of
PEN:Ss for biomedical applications and review and discuss recent
advances, issues, and future directions of this field.
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2. DESIGN AND SYNTHETIC STRATEGIES OF
PLASMONICALLY ENGINEERED NANOPROBES

In general, the plasmonic engineering of nanostructures is based
on and can be built with plasmonic and non-plasmonic building
blocks and structure- and function-controllable modulators for
eventual formation of PENs with targeted structure and
functionality (Figure 1A). The plasmonic properties of these
nanostructures can be designed, predicted, and analyzed by
applying fitting computer simulation techniques. Modulators can
tune the plasmonic structural details such as plasmonic coupling
and facilitate complex plasmonic structures (Figure 1A, bottom).
The position and the number of dye molecules (e.g., Raman and
fluorescent dyes) can be also modified to and controlled by
modulators. Non-plamonic building blocks can be used as
templates for introducing molecular and nanostructural moieties
in a controlled manner and add other multi-functionalities
including magnetic and upconversion properties and porosity.
For biomedical applications of these PENS, it is critical to
functionalize them by proper, reliable bioconjugation and surface
modification chemistries (Figure 1A, bottom right). The optical
properties of plasmonic NPs are primarily engineered by tuning
their size, shape, chemical composition, and dielectric environ-
ment.””*’ The plasmonic properties of metal NPs can essentially
be described using classical electrodynamic Mie theory.”*™>° The
extinction cross section (C,) for a metal nanosphere can be
represented as

3.3/2
wR’e

[

ez(w; R)
le,(w, R) + 26, ) + £(w, R)

Cext(w! R) = 12z

where R is the radius, ¢ is the speed of light, €, is the dielectric
constant of the surrounding medium,  is the frequency, and
e(w,R) = £;(w,R) + ige;,(@,R); £;(w,R) and ie,(w,R) are the real
and complex parts of the material dielectric constant,
respectively. Based on this equation, the extinction properties
of spherical plasmonic NPs can be tuned by altering the size and
dielectric properties of the material and medium/environment.
In contrast, anisotropic NPs can support multiple plasmon
modes, depending on the complexity of the nanostructure.””**
In general, the number of plasmon resonant frequencies depends
on the number of polarizable ways of a nanostructure. Various
numerical modeling methods, such as discrete dipole approx-
imation,” T-matrix,’° finite-difference time domain,”' finite-
element modeling,32 and the boundary element method,** have
been developed to study NP plasmonics. Overall, a red shift and
increase in resonance peak intensity occurs when spherical NP
size is increased. Upon increasing the corner sharpness and
extent of anisotropy, there is a red-shift in the resonant frequency
for anisotropic nanostructures. Separation of charge with mirror
symmetry also increases the intensity of the resonant peak. These
basic principles of plasmonic engineering have been applied to
design the plasmonic nanostructures and optimize the desired
optical response of plasmonic NPs such as gold nanorods
(AuNRs),*" gold nanoshells (AuNSs),* gold nanocages,36 and
branched nanostructures (Figure 1)

Well-defined assemblies of plasmonic NPs where individual
nanostructures such as spherical NPs and AuNRs are grouped in
particular orientations and with definite interparticle distances
are more challenging and have a larger scope and usage in a
variety of applications, including biosensing and bioimaging
(Figure 1A,B).”® Typically, the close assembly of NPs where
interparticle spacing is less than 2.5 times the particle diameter
causes plasmonic coupling.’”** Generating and controlling a

14511

nanogap between two NP units in PEN assemblies is crucial for
harnessing ultra-strong electromagnetic field through plasmonic
coupling. For this purpose, DNA,*' bifunctional organic
ligands,™* streptavidin—biotin conjugate,”’ thin layer of poly-
mer,** silica coating,** and single-layered graphene™ have been
used as nanoscale molecular separators. Plasmonic coupling
between metallic nanostructures can be understood by the
analogy of atomic orbital coupling leading to molecular
orbitals."” This plasmon hybridization model can be used to
simulate complex nanostructures by theoretically disintegrating
them into simple constituent structures and hybridizing the
plasmon modes of each geometry. The optical properties of
multimeric systems can also be influenced by the symmetries and
orientations of individual NPs.***’ A periodic chart of plasmonic
NPs can be designated as “plasmonic atoms” in different rows
and columns, taking their shapes and geometrical parameters
into account.'”** The assembly of such plasmonic atoms results
in the formation of organized nanostructures (plasmonic
molecules) under energetically favorable conditions, with the
effect of directing agents/templates and/or by externally
applying other stimuli such as forces (electrostatic, magnetic,
flow, etc.).">" This assembly can be applied to build, tune, and
alter the nanostructures and their corresponding plasmonic
properties.

For biomedical applications of PENs, particle surface
modification and bioconjugation chemistry should be considered
(Figure 1A). Understanding and engineering organic corona
around plasmonic NPs is critical for providing the desired
functionalities on the surface for various PENs and eventual in
vivo fate of PENs. The structural features of stabilizing organic
ligands on metal NPs play very important roles in their directed
assembly and particle stability, and specific intermolecular
interactions such as hydrogen bonding and electrostatic
interactions among organic ligands affect aggregation, self-
assembly, and targeting of PENs. Metal NP building blocks
resulting from site-selective functionalization with a desired
number of organic ligands on particle surface are profoundly
useful for making targeted PEN's accessible in a high yield.*”

Highly designable and tunable biomolecules can be used as
synthetic modulators and templates for PENs. Among them,
single-stranded DNA (ssDNA) has been extensively used as
ligands for well-defined and controllable 1D, 2D, and 3D
plasmonic assemblies because ssDNA enables tuning of the
number of DNA strands on each metal NP building block, base
sequence, length/structure of oligonucleotides, and modification
of functional moieties such as thiol and fluorophore.”>> DNA
molecules can serve as programmable ligands to fine-tune the
morphologies of nanomaterials depending on the shape of the
seed and sequence of DNA used.’*™** DNA molecules were
found to play important roles by influencing diffusion of the Au
precursor to the seed and modulating the growth through
differences in DNA desorption, density, and mobility on the seed
surface. It was also reported that sequence-controlled binding of
thiolated DNA to a AuNP surface can facilitate the formation of
an interior nanogap while forming Au shells on DNA-modified
AuNPs.” Thiolated DNA-modified AuNPs have also been used
to form Au—Ag head—body nano-snowman structures.”” The
nanojunction between Au head and Ag body can be finely tuned
by varying the salt conditions and amount of Ag precursor,
respectively. It was also shown that DNA strands can self-
assemble into a stiff “nanomold” that contains a user-specified 3D
cavity and encloses a nucleating gold “seed”.”’ Under mild
conditions, this seed grows into a larger cast structure that fills
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and thus replicates the cavity, resulting in a metallic
nanostructure of chosen shape and size. Another more intuitive
method for constructing PENSs is to assemble isolated plasmonic
NPs (plasmonic atoms) into well-defined discrete assemblies
(plasmonic molecules) with close interparticle distances in
specific configurations. DNA serves as an ideal connector or
bond between plasmonic atoms for such assemblies because of its
highly specific and controllable molecular recognition capability
and controllable length.“’M’62 Further, advancements in DNA
nanotechnology have resulted in the generation of a variety of
DNA superstructures solely from DNA, utilizing the DNA tiles
and DNA origamis, and these DNA nanostructures can act as
“template networks” for the well-defined assembly of metal
NPs.”>~%* Recently, specifically designed 2D DNA origami has
been utilized to develop a precise and removable templating
platform that can transfer 2D oligonucleotide patterns onto the
surface of AuNPs through an engineered toehold-initiated DNA
displacement reaction.” This strategy can be used to precisely
control the number of valence and valence angles of AuNPs, and,
turther, these DNA-decorated AuNPs act as precursors for the
construction of discrete AuNP clusters with desired config-
urations. Assembling plasmonic NPs into stereospecific 3D chiral
configurations has wide applications in developing new classes of
metamaterials and advanced biosensing platforms for chiral
biomolecules. Recently, a 2D DNA origami template with an “X”
arrangement of DNA capturing strands on both sides was utilized
to assemble AuNRs into left-handed and right-handed AuNR
helices.”° Toroidal-shape chiral metamolecules, constructed
from origami and spherical plasmonic NPs, showed strong
chiroptical properties.”” A walking plasmonic AuNR was
demonstrated on DNA origami as an active plasmonic system,
in which AuNR with DNA strand feet can execute directional,
progressive, and reverse nanoscale walking on a 2D or 3D DNA
origami platform.’® This plasmonic system may be useful for
imaging dynamic biological phenomenon that is involved with
controlled motion at nanometer scale, which is well below the
optical diffraction limit. DNA aptamers can also act as targeting
moieties that can specifically bind to one type of cell.”” More
complex biomolecules such as peptides and their self-assembled
supramolecular structures exhibit a wide range of functional
groups and, depending on their amino acid sequences, can be
used to both synthesize and assemble isotropic and anisotropic
metal nanostructures in a controllable manner.”'~’® Recently,
peptides of different chiralities have been used to artificially
create chiroplasmonic responses in AuNPs through peptide—NP
interactions.”””®

Due to strong, controllable plasmonic coupling and large light
absorption and light-scattering cross section, PENs have been
utilized as intense signal-generating labels for immunoassays,
biochemical plasmonic sensors, and surface-enhanced Raman
scattering (SERS) tags.””* Biomolecule-mediated structural
modification, assembly/disassembly, or change in dielectric
environment of PENs can cause shift in LSPR absorption
wavelength, and such label-free LSPR-based assays can be readily
utilized for biosensing applications. Distance-dependent plas-
monic coupling between metal nanostructures and the
corresponding change in light-scattering properties has been
exploited for characterizing and imaging biochemical processes,
biomolecular interactions, and specific bioreceptor expres-
sions.”” Highly sensitive SERS biosensing schemes require an
ultra-small interparticle nanogap (~1 nm) in PENs as an
electromagnetic hot-spot; slight deviation in hot-spot geometry
and/or location of Raman reporter molecule causes tremendous

fluctuations in Raman signals.*’ Therefore, plasmonic engineer-
ing of such SERS probes with suitable design and synthetic
principles is crucial for signal reproducibility and single-molecule
detection capability. Suitable positioning of fluorophore
molecules with respect to the plasmonic NP surface can
modulate the fluorescence signals in such a way that fluorescence
signal enhancement is maximized while fluorescence signal
quenching is minimized, and these metal-enhanced fluorescence
(MEF) probes can be readily used for a variety of biosensing and
bioimaging applications.®”

Certain PENs with branching or hollow structural features can
exhibit LSPR-induced thermoelastic expansion with generation
of photoacoustic (PA) waves upon light irradiation at LSPR
wavelength, and detection of such PA waves can be used for
bioimaging applications.*” For non-invasive cancer bioimaging
applications, integrating multiple imaging modalities such as
SERS, PA tomography (PAT), and computed tomography (CT)
in a single probe possess remarkable advantages in terms of
imaging sensitivity, high spatial resolution, and reliable tumor site
identification.”* Such multimodal bioimaging PENs have huge
potential for clinical applications. PENs can also be designed for
near-infrared (NIR) light-mediated photothermal transduction
with well-controlled light-to-heat conversion efficiency, depend-
ing on the plasmonic structural features. It should be noted NIR
light has several advantages for biomedical applications,
including minimal interfering absorption and fluorescence from
biosamples, relatively little scattering, deep tissue penetration,
and low cost in laser diode excitation (Figure 1B). And, such
PENs are potential candidates for non-invasive photothermal
therapy (PTT) of deeply embedded malignant tumors.*’
Generation of hot electrons/holes in PENs in combination
with plasmon-induced photocatalysis can convert normal oxygen
to cytotoxic singlet oxygen, and such PENs have been tried for
photodynamic therapy (PDT) of cancer as the alternate of
conventional organic photosensitizers.** PENs having both
therapeutic features, PTT and PDT, can be highly efficient for
carrying out therapy at benign tissue temperature with
minimized necrotic damage to the healthy cells.”” Photothermal
effect-induced release of therapeutic agent (drug or biomole-
cules) at a tumor site has been extensively studied using a variety
of PEN structures, where PEN not only acts as efficient delivery
vehicle but also delivers the cargo at target site using light-
exposure as remote control.**® Owing to the multifunctional
features of PENs for bioimaging and PTT/PDT therapeutic
properties, PENs offer excellent platforms for imaging-guided
therapy or theranostics. With real-time imaging functionality
during simultaneous therapeutic procedures, tumor sites are
treated efficiently with high spatiotemporal precision.”

For biomedical applications of PENs, one should always notice
that it is critical to have a highly specific binding capability for
targets of interest with low non-specific binding to random
objects. The properties of PENs should fit with biological
environments (e.g., the use of NIR light is beneficial for its deep
tissue penetration depth for imaging, activation of the plasmonic
properties of NPs, and minimal non-specific bindings). Another
important aspect is biocompatibility and low toxicity. For cells,
cytotoxicity measurement is mainly done; however, for in vivo
applications, along with cytotoxicity, the biodistribution of NPs
inside bodies and excretion and accumulation of NPs should be
also considered. In vivo particle stability and further modification
of NPs to form coronas on particles can seriously affect the fate of
NPs inside bodies.”!
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Figure 2. LSPR shift and Rayleigh scattering-based PEN biosensors. (A) LSPR shift-based biosensors: (i) liposome-amplified plasmonic immunoassay;
(ii) construction of hybridization chain reaction-based specific DNA detection platform (the sensing mechanism is based on the etching process of
triangular silver nanoprisms); (iii) ssDNA(target capture sequence)-functionalized Au nanoprisms attached to glass substrate for detecting miRNA
target. (B) Dark-field light-scattering-based biosensing platforms: (i) dark-field scattering based single-particle-level imaging and detection of ssDNA
target-mediated dynamic interactions among AuNPs on supported lipid bilayer; (i) dark-field scattering-based monitoring of apoptotic drug-induced
caspase-3 activity in leukemiacaspase-3 by selective cleavage of peptide-linking Zn, ,Fe, 40,@SiO,@Au core—shell plasmonic NPs. (C) Chiroplasmonic
sensors: (i) plasmonic chiral assembly of an Au—Ag heterodimer via target protein detection and resulting CD response; (ii) propeller-like nanorod-
upconversion NP assemblies for DNA chiroplasmonic sensing; (iii) graphical depiction of left-handed chiral plasmonic Shuriken nanostructure and its
SEM image (scale bar =250 nm). AAA values shown in this figure were obtained from the optical rotatory dispersion (ORD) spectra of shikimate kinase
and S-enolpyruvylshikimate 3-phosphate synthase with and without ligands, where AAA = Adg — A4 (Alg and A4, are resonance wavelength shifts
measured on right-handed and left-handed Shuriken nanosubstrates, respectively). Images were reproduced with permission from (A) ref 97, Copyright
2015 American Chemical Society (ACS); ref 98, Copyright 2014 ACS; ref 100, Copyright 2014 ACS; (B) ref 101, Copyright 2014 ACS; ref 102,
Copyright 2014 ACS; (C) ref 114, Copyright 2013 ACS; ref 116, Copyright 2016 Wiley; ref 120, Copyright 2015 ACS.

3. PLASMONICALLY ENGINEERED NANOPROBES FOR

BIOSENSING

Multifunctional probes for ultrasensitive detection of multiple
disease biomarkers have always been in demand. Among the
various biosensing methods, nanotechnology-based optical
biosensors, especially with plasmonic nanostructures, have

drawn substantial interest.

9293 In addition to the common

advantages of nanotechnology-based sensors, such as large
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surface area, versatile surface chemistry for bioconjugation, and
biocompatibility, PENs have built-in signal transduction features
because of their tunable LSPR-induced field enhancement,

absorption, and scattering properties, and targets can be detected
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with high sensitivity and selectivity, often in a multiplexed
manner. Importantly, signal transduction for biosensing
applications can be well controlled by tuning the size, shape,
and assembly of the PENSs. In this section, we describe recent
advancements in biosensing methods involving PENs based on
their LSPR, light-scattering, chiroplasmonic, SERS, and fluo-
rescence-signal tunability.

3.1. PENs for LSPR-Based Biomolecular Sensing. Light
can be coupled into standing or propagating surface plasmon
modes through a grating, a defect or other surface features in the
metal surface. LSPR-active structures can be used for sensing
changes in the bulk refractive index of their environment by
measuring the shifts in the LSPR peak wavelength.”* LSPR-based
biosensing nanoprobes have been developed by using target
molecule-mediated aggregation, changes in nanoprobe morphol-
ogy, and molecular interaction-mediated electronic perturbation
shift in the LSPR absorption wavelength (Figure 2). Such LSPR-
based nanoprobes exhibit advantages such as ease of operation
with no need for labeling the target, fast assay time, and
straightforward readout of detection signals. However, such
LSPR-based biosensors are associated with non-specific binding
of biomolecules, non-specific aggregation of NPs, narrow
dynamic range of measurement concentrations, and non-
recyclability of the nanoprobes. Moreover, the plasmonic
properties of the resulting aggregated structures in these cases
are often unpredictable and uncontrollable and offer a very
narrow scope of pre-conceived designs and a limited dynamic
range in target concentration.

Large aggregation of plasmonic NPs allows for colorimetric
biosensing without a need for instrumentation for signal readout.
Jiang et al. utilized alkaline phosphatase-triggered click-chemistry
between azide/alkyne-functionalized AuNPs for colorimetric
plasmonic immunoassay.”® Such approaches do not require
additional enzymes and the expensive instrumentation used in
conventional immunoassays.”® Recently, Abbas et al. achieved
attomolar-level naked eye colorimetric detection of pathogens
using a liposome-amplified plasmonic assay (Figure 2A-i).”” In
this case, the amplified response was initiated by buffer-triggered
rupture of cysteine-loaded nanoliposomes and subsequent
aggregation of AuNPs. High detection sensitivity can also be
achieved by target-mediated shape modification of plasmonic
NPs and the resulting quantitative LSPR shift.”®" A
combination of enzyme-linked hybridization chain reaction
amplification, H,0,-mediated etching of silver nanoprism, and
subsequent LSPR shift was used to detect DNA at ~6 fM
concentration and showed a high specificity (Figure 2A-ii).”®
Recyclability of diagnostic platforms is crucial for commercial
applications, particularly when noble metals are integral parts of
the sensor design. Sardar et al. developed a regenerative solid-
state LSPR-based biosensing platform consisting of gold
nanoprisms for microRNA (miRNA) detection at subfemtomo-
lar concentration in the human plasma of cancer patients (Figure
2A-iii)."” The simplicity of LSPR-based detection methods
makes them attractive for commercial adaptation, but additional
studies are still needed to design new PENs and advance existing
LSPR-based diagnostic approaches for a wide and practical use of
LSPR probes, especially for the above-mentioned issues.

3.2. PENs for Rayleigh Scattering-Based Biosensing.
PENs can exhibit intense and controllable Rayleigh light-
scattering properties, and scattering cross sections can be
tuned by the shape and size of particles and the extent of
plasmonic coupling. Two or more plasmonic NPs can be coupled
together using biomolecules such as DNA or peptides, where the

length of connecting molecules is the main factor in determining
the distance between NPs. When two plasmonic NPs are brought
into close proximity, the surface plasmon resonances of the
individual NPs will couple, generating a light-scattering spectrum
that depends on their interparticle distance.”” Light confinement
in nanometer-scale volume by PENs allows for high spatial
resolution up to the single-molecule level because of the large-
scattering cross section of metal NPs and resulting high intensity
of the scattered spectrum. The light-scattering spectrum is
typically time-invariant and can be continuously acquired in real
time for long imaging periods. These signals can be detected with
dark-field microscopy, where non-scattered light is removed to
build an image only with scattered wave components against dark
background. In contrast, conventional fluorescence-based single-
molecule methods are prone to photobleaching, blinking, and
low signal-to-noise ratios.

Recently, a photostable NP-modified supported lipid bilayer
platform was developed for dynamic and quantitative dark-field
microscopic imaging of plasmonic NP interactions mediated by
ssDNA on a supported lipid bilayer (Figure 2B-i).""" In this
platform, individual particle-by-particle clustering processes were
simultaneously monitored in real time and quantified by
analyzing individual particle diffusion trajectories and single-
particle-level plasmonic coupling. This highly reliable real-time
analysis method on interactions between NPs on a 2D lipid
platform allows not only for detecting fM-level DNA but also for
differentiating single-base mismatch at a fM range. Such PEN-
based analytical platforms may have versatile applications for
detecting interactions including DNA, RNA, proteins, and
chemical ligands and in situ monitoring of heterogeneous
membrane reactions and receptor clustering. In another report,
a pair of Zny,Fe, O,@Si0,@Au core—shell plasmonic NPs
connected by a caspase-3 cleavage peptide sequence was used to
monitor anti-cancer drug-induced caspase-3 activity during
apoptosis (Figure 2B-ii).'”> The use of dielectric core (
Zn, 4 Fe, 0,@Si0,)—shell (Au) structure provided more
intense light-scattering compared to solid AuNPs, and the
magnetic core helped in purification during plasmonic ruler
assembly. Caspase-3 activity was monitored by the decrease in
light-scattering intensity upon increase in interparticle distance
and diminishing plasmonic coupling.

The expression levels of cell surface receptors play crucial roles
in cell signaling under normal or disease conditions and can act as
diagnostic hallmarks for a number of diseases. One of the most
interesting applications of PENs is the detection and
quantification of cell membrane receptors on sub-diffraction
limit length scales.'”'% Reinhard et al. successfully quantified
the transmembrane proteins ErbB, and ErbB, in a variety of
cancer cell lines using 40 nm AuNP immunolabels exhibiting
interparticle distance-dependent differential plasmonic coupling
upon increasing receptor density.106 Upon increasing receptor
density, AuNPs were positioned very close to each other within a
strong plasmonic coupling interparticle distance range (<5 nm),
causing detectable wavelength red-shifts and enhancements in
the intensity of scattered light. The information regarding the
expression of these transmembrane proteins is crucial for
monitoring and diagnosing various malignancies. In an another
report by Coronado et al., 90 nm AuNP immunolabels were used
to determine the distribution and quantification of density of
metabotropic §lutamate receptor la on neuron cells at the sub-
cellular scale.'”” In a recent report by Irudayaraj et al., plasmonic
nanoprobes (50 nm Au and Ag NPs) were used for single-cell
quantitative epigenetic profiling."® Utilizing hyperspectral dark-
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field imaging, the detection of low-level cytosine modifications
under different conditions, such as in different cell lines, at
different cell phases, and even on a single chromosome, was
achieved. Unlike fluorescence-based imaging methods, PEN-
based methodology effectively circumvents limitations such as
low resolutions, signal instability, and complex instrumentation.
The research groups of Bissell and Alivisatos reported a
reversible plasmon ruler, comprised of coupled AuNPs (30
nm) linked by a single aptamer (MMP-3 aptamer), capable of
binding individual cell-secreted molecules (MMP-3) with high
specificity.'”” Quantification of secreted single molecules from
cells, such as growth factors, proteases, and morphogens, within
3D cellular microenvironments can provide insight into how
tissues form and become patterned during development and may
suggest therapeutic strategies for repairing diseased tissues. PEN
light-scattering tags offer such a simple, convenient, and reliable
method for observing single molecules and corresponding
biochemical events using relatively cheap benchtop dark-field
microscopy setups, which are typically quite challenging to
achieve. However, more advanced PEN probes should be
designed and synthesized with better sensitivity, improved data
reproducibility, and multiple light-scattering color profiles, and
well-controllable, reliable bioconjugation chemistry for varying
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nanostructures is needed to exploit the multiplexing capability of
light-scattering PENSs.

3.3. PENs as Chiroplasmonic Sensors. A large variety of
biomolecules such as sugars, nucleic acids, and proteins have
inherent characteristic chirality. Understanding corresponding
chiral information is crucial for the mechanistic evaluation of
biochemical reactions. Circular dichroism (CD) spectroscopy
can be used to determine chiral information about bioanalytes
including tertiary and quaternary structures; however, its
application in biosensing is limited by low sensitivity and
requirement of UV radiation to excite chiral biomolecules.
Plasmonic metal NPs such as AgNPs can enhance CD signals
arising from a comparable enhancement of the overall electronic
absorption of specific probe molecules on AgNPs, where the
metal surface plasmons are in resonance with the molecular
electronic transition.''" Chiroplasmonic coupling results in a
new CD band in the visible light wavelength range via two
possible mechanisms: either plasmonic electrons induce a change
in the electromagnetic field inside chiral molecule or the chiral
molecule induces a chiral current in the plasmon.'"'~""* The
origin of this new CD band in the visible range enables CD-based
biodetection using visible light. The assemblies of achiral
plasmonic NPs in a stereo-controlled fashion generate chiral
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geometries (such as tetrahedral and helical arrangements), and
the corresponding plasmonic CD response can be used as a
diagnostic signal for biosensing applications.

Homo- and heterodimers of spherical NPs are typically
considered to be achiral because of their basic symmetry
configuration; however, Kotov et al. reported chiral Au—Ag
heterodimers assembled from protein target capture between
complementary biomolecule-functionalized Au and Ag NPs
(Figure 2C-i).""* The chiroplasmonic properties of such dimeric
assemblies are attributed to the prolate shape of individual NPs
and resulting scissor-like geometry with the protein target bridge.
The strong polarization rotation in these nano-assemblies was
utilized to detect an environmental toxin, microcystin-LR, and a
cancer biomarker (e.g., prostate-specific antigen). Deposition of
gold and silver shells around the scissor-like conformationally
chiral DNA-bridged PEN dimers enabled spectral modulation of
their chiroplasmonic bands in the 400—600 nm region and
resulted in significantly enhanced optical activity; such PENs
enabled polymerase chain reaction-based DNA detection at the
zeptomolar level.'"> Chiral propeller-like PEN, assembled from
AuNR and upconversion NP linked with hairpin DNA (hpDNA)
which has intense chiroptical activity, has been used for
plasmonic CD signal- and luminescence signal-based detection
of DNA targets (Figure 2C-ii)." In the presence of DNA
targets, hpDNA strands of the tetramers were extended because
of their specific biorecognition, resulting in a wider plasmonic
gap, which reduced both luminescence and CD signal intensities.
Chiroplasmonic nanopyramids self-assembled from gold and
upconversion nanoparticles (Au-UCNPs) have been used for
ultrasensitive quantification of miRNA in living cells."'” The Au-
UCNP pyramids have dual signaling mechanisms, strong
plasmonic CD at 521 nm, and significant luminescence at
500—600 nm. Upon exposure to miRNA, the CD signal was
decreased, and luminescence intensity was increased. Thus, the
CD signal was much more sensitive to the concentration of
miRNA than the luminescent signal because of the strong CD
intensity arising from the spin angular momentum of the photon
interaction with chiral nanostructures and plasmonic enhance-
ment of the intrinsic chirality of DNA molecules in the pyramid
geometry. Specifically designed nano-metamaterials possess a
variety of inherent chiralities (such as helical chirality, axial
chirality, and supramolecular chirality) because of the concen-
tration of superchiral electromagnetic fields in their vicinity;''®
such PENs can sensitively detect a variety of chiral
biomolecules.''”'** Recently, Kadodwala et al. demonstrated
the potential of plasmonic superchiral polarimetry using a
templated chiral plasmonic nanostructure (shuriken-like shape).
This can rapidly characterize ligand-induced changes in protein
tertiary and quaternary structures with high sensitivity, which is
undle;%ectable using conventional CD spectroscopy (Figure 2C-
iii).

3.4. PENs for SERS-Based Biodetection and Bioprob-
ing. Recently developed SERS-based plasmonic biosensors
show great potential in practical and wide use for biodetection
with well-designed and synthetically controlled PENs. The origin
of SERS is attributed to the complex effect of electromagnetic
and chemical enhancement mechanisms.'”'** SERS offers
tremendous potential for highly sensitive, multiplexed molecular
detection with chemical structural molecular fingerprinting.
Using well-designed Raman nanoprobes, it is possible to detect
analytes with a limit of detection up to the single-molecule
level.'**'** The performance of conventional SERS techniques
greatly depends on the distribution and control of hot-spots on

SERS substrates such as rough Au, Ag surfaces, or in random
assemblies of NPs with interparticle plasmonic gaps where hot
spots are located. The geometries and locations of hot-spots in
such conventional substrates are not well-controlled, and
therefore the signals are often not strong or reliable. Discrete
PENs with localized, ultrastrong electromagnetic fields have
emerged as widely used SERS-substrates for single-molecule and
ultrasensitive SERS detection because the Raman signals are
amplified by many orders of magnitude. It was shown that DNA-
linked dimeric plasmonic nanogap-enhanced Raman-scattering
nanoprobes (nano-dumbbells) with a highly tunable narrow gap
size (~1 nm) and ultrastrong EM field have a single-molecule
level Raman detection capability and high signal reproducibility
(Figure 3A-).*"*"'*71*" Well-controlled chemistry in modify-
ing thiolated oligonucleotides and growing AgNS on Au core
with a plasmonic nanogap is crucial for achieving reliable and
highly sensitive SERS signals; the plasmonic gap should be
sufficiently small to maximize the EM field and SERS signals but
not cause quantum tunneling, which abruptly ceases the EM
enhancement when the gap size becomes too small (e.g., ~0.3
nm or smaller). The number and precise positioning of Raman
reporter molecules in a “hot-spot” region are also crucial for
obtaining reproducible, quantifiable Raman signals. Careful
control of these factors for designing PENs is of paramount
importance for applications in SERS-based biosensing and
bioimaging. Gold nanobridged nanogap particles (Au-NNPs)
with ~1 nm interior gap exhibited strong SERS signals (EF value
of >1.0 X 10%) with high structural uniformity and signal
reproducibility.'””® In the Au-NNP probe design, ssDNA-
tethered Raman reporters are precisely located in the uniformly
formed 1 nm plasmonic gap inside particles (Figure 3A-ii). In a
report by Xu et al., nanopyramids built from a DNA frame and
AgNPs were used to detect attomolar quantities of a variety of
disease biomarkers (Figure 3A-iii).””” The DNA frame was
embedded with a biomarker-specific aptamer; upon reacting with
the biomarker, the AgNP nanopyramid is collapsed and AgNPs
come very close, which causes strong plasmonic coupling
resulting in SERS-based sensitive detection of subjected
biomarkers.

Recently, interest has increased in probing real-time
extracellular and intracellular biomolecular information using
SERS-based PENSs in living cells. A 3D SERS substrate with
vertical plasmonic nano-antennas protruding from the substrate
plane has been used for the chemical analysis of living fibroblasts
in NIH/3T3 cells (Figure 3B-i)."*" The tight adhesion between
cells and plasmonic antennas enabled sensitive SERS analysis of
cell membrane elements at well-defined and predictable points.
The potential of nanosized plasmonic endoscopes such as silver
nanowires and AuNP-decorated carbon nanotubes has been
demonstrated for SERS-based molecular analysis inside living
cells."*"'** However, the control and modification of hot-spot
geometries for enhanced sensitivities and modification with
targeting moieties for selective biomolecular detection in
different parts of the live cell require further advancements. A
nanopipette decorated with AuNPs has been used for SERS-
based monitoring of metabolite (such as pyruvate, lactate, ATP,
and urea) secretion in Madin-Darby canine kidney epithelial cells
(Figure 3B-ii)."** In in vivo models, such real-time monitoring
can be useful for evaluating organ health in normal and disease
conditions. Graphene is important in material science because of
its atomic thinness and unique and useful optical, electronic, and
mechanical properties. A combination of graphene and
plasmonic nanostructures has been utilized in a variety of
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Figure 4. Photoluminescent and fluorescence quenching/enhancing PENs. (A) Au nanocubes for PL-based bioimaging: TEM image of Au nanocubes
(left), fluorescence spectrum of cells (middle), and fluorescence image of cells (right). (B) Fluorescence quenching (i) and enhancing (ii) PENs: (i)
intracellular detection of miRNAs in human mesenchymal stem cells (hMSCs) using polydopamine-coated AuNPs with fluorophore-modified hairpin-
DNA; (ii) nano-matryoshka with embedded fluorophores inside the silica interlayer and fluorescence enhancement. (C) Quantum dot(QD)-PEN
hybrids: (i) DNA origami template-based quenching of QD fluorescence by controlling the distance between QD and AuNP; (ii) plasmonic nanoshell
resonator for obtaining non-blinking fluorescence from QDs. Images were reproduced with permissions from (A) ref 149, Copyright 2010 ACS; (B) ref
152, Copyright 2015 ACS; ref 158, Copyright 2014 ACS; (C) ref 162, Copyright 2014 ACS; ref 163, Copyright 2015 NPG.

SERS-based applications (Figure 3C). Although graphene has
been found to possess intrinsic moderate Raman signal-
enhancing properties through a charge-transfer mechanism
with reporter molecules, using graphene alone as an SERS
substrate is limited because of its low sensitivity.>* Recently, the
use of graphene as an atomically thin separator between
plasmonic NPs was shown to form a very narrow plasmonic
gap for generating strong, controllable electromagnetic field and
SERS signals inside the gap.'*~"** Moreover, the flat 2D surface
of graphene can be used to locate analyte molecules
homogeneously present throughout the large SERS substrate,
which is crucial for the reproducibility of SERS signal
measurements. >~ The D and G bands from graphene can be
used as diagnostic bands for locating hot-spot regions in large
plasmonic substrates, and also chemical enhancements act
synergistically with electromagnetic enhancement.'**'*'

To obtain high spatial resolution, scanning probe microscopy
such as atomic force microscopy was combined with SERS to
develop the tip-enhanced Raman spectroscopy (TERS).'*
TERS, the scanning probe microscopy tip is typically modified
with nanosized (~20 nm) plasmonic metals (Au or Ag) to
generate a hot-spot junction between the tip and substrate,

In
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resulting in sensitive molecular profiling of the analyte on the
substrate with reasonably good spatial resolution (~10 nm).
Because only one hot-spot can be typically generated at a time for
Raman spectroscopic measurements, the sensitivity of the
method is compromised. However, the TERS plasmonic tip
can be engineered with a suitable arrangement of NPs to enhance
the sensitivity.'*> TERS has been successfully used for the
molecular profiling of cell surfaces, viruses, and isolated
biomolecules. Recently, a TERS setup with an atomic force
microscopy tip plasmonically engineered with closely assembled
14 nm AuNPs was applied for chemical imaging of Bacillus subtilis
spores, which revealed a dense arrangement of both proteins and
carbohydrates on specific spore surface regions.'** Such detailed
molecular information is useful for bacterial surface-display
systems and drug delivery applications. Molecular probing of
hemozoin crystals in the digestive vacuole of a sectioned malaria
parasite-infected cell by TERS revealed spectral features
consistent with a five-coordinate high-spin ferric heme
complex.'** Detailed molecular profiling of the hemozoin crystal
will be helpful for drug screening to identify drugs that can bind
to the hemozoin surface within the digestive vacuole of the
malaria trophozoite. The spatial molecular probing capability of
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TERS is useful for obtaining spectroscopic information from the
selected regions of the sample and cutting out the background
from bulk samples, as demonstrated in the detection of nano-
oxidation sites on the surface of hemoglobin crystals.'*°

Overall, plasmonic nanostructure-based SERS has a wide
range of applications in biomolecular detection and real-time
monitoring of biochemical reactions, with great potential in the
fields of genomics and proteomics. Emerging sophisticated PENs
with high signal enhancement factors and breakthroughs in
synthetic methods for obtaining targeted PENs in a high yield
may open new directions for ultrasensitive biodiagnostic
platforms such as for early-stage cancer diagnosis and multi-
plexed profiling of multiple biomarkers; however, the fabrication
of such SERS substrates with high reproducibility requires
further analysis and validation, especially for clinical applications
of these platforms.

3.5. PENs as Photoluminescent Probes and Fluores-
cence Quenching or Enhancing Substrates. Metal NPs
intrinsically exhibit weak photoluminescence (PL) upon photon
excitation due to the low probability of radiative recombination
of relaxing electron—hole pairs. However, suitable tuning of SPR
and enhancement in local field can result in an enhancement in
PL quantum yield. Many interesting features of plasmonic metal
NPs, such as large light absorption cross section and non-
photobleaching and non-photoblinking behaviors, make them
attractive alternatives to conventional organic fluorophores for
biomedical applications. Moreover, this PL-based visualization of
NPs is a straightforward, reliable, and versatile approach for
studying and characterizing nanoprobes in biosensing, bioimag-
ing, and therapeutic applications. AuNRs have been extensively
studied for one-photon and two-photon luminescence, where
excitation laser wavelength is coupled with longitudinal LSPR
energy.'*” It has been observed that nanostructures with sharp
edges, such as gold nano-bipyramids and gold nanocubes, can
show enhanced quantum yield of PL due to the “lightning-rod
effect”."**'* Particularly, gold nanocubes with sharp edges and
LSPR band close to the interband transition energy show a high
PL quantum yield, 200 times higher than for AuNRs. Chen et al.
utilized gold nanocubes for PL-based bioimaging of QGY and
293T cells (Figure 4A).'*

Plasmonic metal NPs are known to quench the fluorescence of
organic molecules and quantum dots depending on the size and
proximity of NPs, known as nanometal surface energy transfer
(NSET).!5%15! Mechanistically, NSET is similar to Forster
resonance energy transfer (FRET), where two closely positioned
oscillating dipoles interact with one another and energy is
transferred from the excited state of a donor molecule to the
ground state of the acceptor molecule via a non-radiative
pathway. FRET is useful for measuring intermolecular distances
that are 1—10 nm. However, NSET can measure intermolecular
distances up to 50 nm, depending on the size and shape of metal
NPs. This longer-range effect in NSET occurs because of the
large size and high polarizability of plasmonic NPs relative to the
small fluorescent molecules. Recently, Bian et al. utilized the
recovery of quenched fluorescence of a hpDNA-tethered
fluorophore on the surface of polydopamine-coated AuNPs as
a biosensing switch for detecting miRNA in living human
mesenchymal stem cells (hMSCs) (Figure 4B-i).">> These
fluorophore-modified PENs efficiently entered the cell and
provided information on miRNA in real time only in the hMSCs
undergoing osteogenic differentiation, and living primary
osteoblasts specifically. Unlike conventional organic dye-based
probes, the signals from Au@PDA—hpDNA PENs could be

monitored for 5 days without any additional treatment of cells
with the probes. Such robust PENs can be used for monitoring
long-term dynamics of a variety of stem cells during differ-
entiation processes. Liu and co-workers have developed
ﬂuoroghore—AuNP hybrid probes for Hg** detection in living
cells."”® In the probe design, fluorescent dyes were closely
tethered to AuNP surface by isothiocyanate linkers to quench
fluorescence signal. Upon exposure to Hg** ions, the dye
molecules were distantly located from the AuNP surface
resulting in the enhancement in fluorescence signal.

Fluorescence-based detection and imaging are typically
limited by quantum yield, autofluorescence of samples, and/or
the photostability of fluorophores. Plasmonic metal surfaces can
increase or decrease the radiative decay rates of fluorophores
depending on the position of the fluorophore with respect to the
metal surface.”” In recent years, metal-enhanced fluorescence
(MEF) has gained significant attention for its optical properties
and biomedical applications. For practical applications of MEF
probes, it is critical to engineer the geometry and size of metal
NPs and the distance between the fluorophore and metal NP
surface for generating stronger, more stable fluorescence signals.
Halas et al. reported PENs such as AuNS and AuNR in which
silica or human serum albumin serves as a spacer layer between
NP and fluorophore.'”*™"*° In a report by Orrit et al, the
fluorescence of a weak emitter, crystal violet, was enhanced
>1000-fold by a single AuNR under the resonant condition."*’
Sophisticated PENSs such as nano-matryoshkas, consisting of an
Au core, interstitial nanoscale SiO, layer, and Au shell layer, were
reported to cause either a strong enhancement or quenching of
the fluorescence emission from the fluorophores dispersed
within the internal dielectric layer (Figure 4B-ii).">* The strong
MEEF effect in nano-matryoshkas has been proposed to originate
from near-field enhancement induced by Fano resonance. Xia et
al. utilized the micropatterned Au nanocages for NIR light-
induced MEF of organic dyes with 2—7-fold signal enhance-
ment."*” The potential of MEF probes in biosensing has been
demonstrated by Dai et al. in the detection of islet cell-targeting
autoantibodies (an early stage biomarker for diagnosing type-1
diabetes) on fluorescence-enhancing, nanostructured plasmonic
gold chips. Integration of plasmonic Au chip onto a conventional
antibody—antigen sandwich assay allowed ~100-fold increase in
detection sensitivity of target biomarkers.'”” The methods
involving plasmonic chips were also extended to the MEF-based
detection of multiple cellular proteins in different types of single
cells through a microarray of the cells, which is useful for
potentially hundreds to thousands of different types of cells
assayed on a single chip.'®’

Liu et al. demonstrated the dependence of QD fluorescence
emission on the proximity of 30 nm AuNPs with controlled
interparticle distances of 15—70 nm."* This was achieved by co-
assembling DNA-conjugated QDs and AuNPs in a 1:1 ratio at
precise positions on a triangular-shaped DNA origami platform
(Figure 4C-i). Such long-range fluorescence quenching
phenomena could be useful for developing advanced spectro-
scopic rulers that overcome the limitations of FRET. Although
toxicity issues exist for biomedical applications of QDs, QDs have
been known for stronger signals, sharper emission peaks, and
more stable signals than conventional organic dyes. However, the
fluorescence signals of QDs occasionally fluctuate due to their
chemical reactivity to the environment and non-radiative Auger
recombination upon during relaxation. Dubertret et al. have
addressed the shortcomings of QDs by coating the QD with silica
followed by the formation of Au shell resulting in a QD/silica/Au
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hybrid system (Figure 4C-ii).'®® The gold shell not only protects

the QD from the outer environment but also enhances its
resistance to high excitation energy, providing very stable
fluorescence signals.

4. PLASMONICALLY ENGINEERED NANOPROBES FOR
BIOIMAGING

It is important to monitor and map various processes at the
cellular level such as cell proliferation, apoptosis, cell—cell
communication, biochemical signal transduction, gene expres-
sion, and disease-specific receptor expression, among others. In
vivo bioimaging of tumors is one of the most important topics in
nanomedicine and biomedical engineering for early, accurate
tumor diagnosis and imaging-guided surgery and therapy.
Conventional methods for bioimaging such as X-ray, PET,
single-photon emission CT, and magnetic resonance imaging
(MRI) use high-energy radiation, radioactive waves, high
magnetic fields, and toxic chemical contrast agents. Moreover,
no single technique is sufficient for detecting a disease in early
stages because of limited sensitivity and low resolution. PENs can
offer a variety of imaging modules including SERS, MEF, PA
imaging, and X-ray CT. These methods have several advantages
over conventional methods, such as non-invasiveness, use of safe
excitation light source (typically NIR light), better contrast, long-
time monitoring, and multiplexing capability. As discussed above,
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a concentrated electromagnetic field near PEN dramatically
enhances the fluorescence and Raman signals.

APEN with a high absorption coefficient of NIR light converts
into heat-generating PA waves for PA imaging with high spatial
resolution. The attenuation of X-rays by PEN makes them
efficient X-ray CT contrast agents. Radioactive species-labeled
PENSs can be imaged using PET, which is used to quantify and
study the biodistribution and clearance of the nanoprobes but
shows low spatial resolution.'®* Engineering particle size and
surface to increase the number of ligands and radioactive labels
per probe and to minimize non-specific binding has been proven
useful in targeting tumor sites in a more efficient manner while
maximizing excretion of nanoprobes. 195 SERS-based bioimaging
is very promising because of its molecular fingerprinting
capability, high spatial resolution, and good signal stability over
time; however, low tissue penetration of excitation light, long
acquisition time, and small field of view are major limitations to
its wider applications. Lim et al. used AuNPs with an ~1 nm
interior nanogap and Raman reporters located precisely in the
nanogap (Au-NNPs) for high-resolution and high-speed (30 s)
live-cell Raman imaging parallel at multiple organelle levels
(Figure 5A-i)."°° They found that highly sensitive SERS-active
nanoprobes could provide high-resolution Raman-based cell
images to reveal detailed cell dynamics under a variety of
physiological conditions inside the cell. Gambhir et al. developed
a wide-area (>6 cm’) Raman bioimaging platform for in vivo
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applications using silica-coated AuNP Raman tags; this Raman
imaging system can detect multiplexed SERS signals in both
superficial and deep tissue locations (Figure 5A-ii). ®” Cheng and
others reported gold nanotripods with a Pt nanocube core for
PA-based bioimaging of tumors in mice (Figure 5B-i).'*® The
gold tripod structure showed a large absorption cross section in
the NIR region for PA imaging with high spatial resolution.
Taking advantage of the versatile properties of PENs, various
types of multimodal imaging nanoprobes with synergetic effects
were developed. Zhang group reported gold nanomicelles for
multimodal PAT/X-ray CT tumor bioimaging (Figure 5B-ii).'®’
In the probe design, 6 nm AuNPs and biocompatible amphiphilic
polymers were self-assembled into gold nanomicelles with high
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NIR absorption. After treatment, the gold nanomicelles were
dissociated into single AuNPs with no cytotoxicity and enhanced
clearance, which is crucial for wider in vivo applications. Because
of their versatile surface chemistry, PENs can also be conjugated
with other imaging agents to provide high levels of multimodality
for bioimaging applications.

5. PLASMONICALLY ENGINEERED NANOPROBES FOR
THERAPEUTIC AND THERANOSTIC APPLICATIONS

PENs are appealing for their diverse therapeutic applications
such as non-invasive and benign cancer therapy. The photo-
thermal properties of PENs have been widely studied for killing
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cancer cells in vitro and in vive. Under light illumination, the
photon excites electrons in the PEN, and the excited electrons
relax through radiative decay or non-radiative decay. The non-
radiative decay produces heat by electron—phonon and
phonon—phonon couplings. Efficient energy transfer from light
into heat of PENs with high absorption cross section in the NIR
region makes PENs a promising therapeutic agent. PTT involves
hyperthermia, which is a moderate rise in body tissue
temperature. Hyperthermia conditions induce subcellular events,
including critical damage to proteins and cell membranes, leading
to cell death. Tumor cells are more susceptible to temperature
increase than normal cells because of their low oxygen and
nutrient supply through immature blood vessels.

Anisotropic rod structures are excellent PTT agents, exhibiting
strong longitudinal peaks in the NIR region that can be tuned by
increasing the aspect ratio.'”” AuNSs'”"'”* synthesized on silica
core and gold nanocages'’”'”* synthesized by galvanic
replacement of a silver nanocube were extensively studied for
PTT applications. The LSPR peaks of AuNSs and gold
nanocages are tunable in terms of their size and ratio of outer
shell radii to inner shell radii.'”>"”® Upon increasing the particle
size and decreasing plasmonic shell thickness to give a higher
core-to-shell ratio, the LSPR peak shifted to lon7%er wavelengths,
ranging from visible to NIR. Gold nanostars'”’~"”’ and other
branched structures'*”'®" exhibit high photothermal conversion
efficiency because of the plasmonic coupling of multiple sharp
edges with a high absorption-to-scattering ratio. The groups of
Halas and Joshi reported 90 nm diameter Au nano-matryoshkas
for PTT of cancer and found better in vivo therapeutic effects
compared to the benchmark 150 nm diameter AuNSs (Figure
6A-i)."** PENs can kill tumor cells via other mechanisms, such as
PDT, by the generation of reactive oxygen species (ROS) under
light illumination. PENs can function as PDT agents because
light-induced excited electrons are transferred to O, to generate
singlet oxygen, which promotes cell apoptosis or necrosis. We
reported multifunctional gold core-petal nanoprobes that induce
dual photodynamic and photothermal therapeutic effects
without the need for organic photosensitizers (Figure 6A-ii).¥
PTT/PDT dual-modal treatment improved the efficiency of
therapy with a low power of laser illumination and benign
increase in tissue temperature, causing minimal damaging effects
in healthy tissues. This type of PENs are suitable for PTT/PDT
applications because of its high solubility, good photostability,
tumor targeting ability, high absorption cross section, and
efficient photothermal conversion. Gao et al. demonstrated that
suitably controlled laser irradiation conditions for gold
nanocages generated ROS, resulting in apoptotic cancer cell
death, while more damaging hyperthermia effects were
avoided.*® PENs such as gold nanorings have also been
demonstrated to enhance the generation of ROS from organic
photosensitizer molecules activated upon release of the photo-
sensitizers from and in the immediate vicinity of the AuNRs
during NIR irradiation."** Hybrid systems of PENs and organic
photosensitizer molecules have also been reported for cancer
PTT—PDT platforms (Figure 6A-iii)."”® It should be noted that
the size of therapeutic or diagnostic nanoprobes is a major
concern for real biomedical applications because of their stability,
poor biodistribution, and difficulty in renal excretion after use
when particle size is large. Recently, Liu et al. reported highly
stable, ultrasmall (<10 nm) Fe;O,@Cu,_,S core—shell NPs for
MR, IR thermal imaging, and photothermal therapy.'**

Facile loading of drugs or biomolecules and their controllable
and targeted release based on plasmonic properties enable PENs

to be used as remote-controlled delivery carriers for a variety of
therapeutic applications. Easy surface modification led to the
development of various methods for loading cargo molecules
onto PEN carriers, including direct covalent bonds (gold—sulfur
bond, gold—nitrogen bond, and thermo-cleavable linker) and
non-covalent bonds (oligonucleotide hybridization, hydrogen
bonding, electrostatic interaction, and van der Waals inter-
action). The various drug-loading techniques have been
discussed in detail previously."*>'*® After tumor targeting with
PENs by passive or active targeting, drugs can be released
through the photothermal properties of PEN carriers in a spatial
and temporal manner using a synergetic stimuli-responsive
design for the efficient delivery of therapeutic agents. This active
control of drug release enhances the chemotherapy efficacy and
minimizes drug leakage that may kill healthy cells. Some recent
examples of PEN-mediated delivery of cargo molecules are
shown in Figure 6B. Core—satellite PENs composed of Au/Ag
NRs as core and small AuNPs as satellites have been used as
nuclear-uptake delivery systems; upon laser irradiation, small
drug-loaded Au satellites were detached from the core NR and
efficiently accumulated in the nuclei to effectively kill the cancer
cells (Figure 6B-i).""” Vesicular nanostructures composed of
ultra-small AuNRs and rGO, loaded with DOX molecules, have
been used for laser-induced delivery of DOX to the nucleus.'**
NIR photothermal heating induces DOX release from the
vesicular cavity after disassembly of the vesicle, and an
intracellular acidic environment induces DOX release from the
rGO surface (Figure 6B-ii). Liu et al. reported carbon—silica
nanocapsules with gold NPs in the cavity (Au@CSN) for
synergistic photothermal and chemotherapy of cancer.'®’
Trisoctahedral core—shell Fe;O,@Au NPs encapsulated with
silica cores have been used for NIR light-controlled release of
drug molecules to the tumor site in mice.'”

Cellular membrane permeability plays crucial role in molecular
transport processes, and the non-destructive control of pores in
the cellular membrane allows for efficient delivery of therapeutic
molecules. In a report by Delcea et al., assembly of AuNPs was
used for laser-induced opto-nanoporation in red blood cells,
which allows for the diffusion and release of small and large
molecules across the membrane.'”’ Recently, Meunier et al.
reported AuNSs for efficient ultrafast laser-based nanoscale
bubble generation and cell membrane perforation, which can be
useful for the development of effective gene therapy treat-
ments.'”

The use of PENs as multimodal theranostic nanoprobes
enabling imaging-guided therapy has gained increasing attention.
As discussed above, PEN exhibits various useful properties for
bioimaging and therapy, allowing multimodal features in one
structure with a rational design. Multimodal therapy using PTT/
PDT/chemotherapy can increase the therapeutic efficiency, and
multimodal imaging can complement finding the precise target
location with high spatial resolution. Chen et al. recently
reported self-assembled carbon nanotube rings coated with
AuNPs for theranostic applications with SERS and PA-based
imaging and photothermal effect-based cancer therapy in tumor
xenograft mouse models.'”* Zhang et al. designed magnetic gold
nanoflowers for MR/PA/SERS-based imaging and PTT-
mediated cancer treatment in mice (Figure 6C-i).'”* Flower-
like rough structural features are responsible for SERS, PA effect,
and photothermal effect; the magnetic core enables real-time
MRL In an another recent report, AuNR and upconversion
core—satellite PENs conjugated with the photosensitizer Ce6
were reported as multifunctional theranostic agents for PA/CT/
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MR/UCL-based imagin(g and PTT/PDT-based combination
therapy (Figure 6C-ii).”” The development of such multifunc-
tional theranostic composite nanoprobes is needed to overcome
the limitations of existing cancer therapeutic methods.

6. CONCLUDING REMARKS AND PERSPECTIVES

We have presented brief snapshots of the tremendous growth in
the emerging applications of engineered plasmonic nanoprobes
in different sectors of biomedical science and engineering. We
discussed how contemporary designs of PENs address the
challenges of conventional methods and have helped revolu-
tionize the fields of fundamental biotechnologies, biosensing,
bioimaging, therapy, and theranostics. Designing, synthesizing,
and controlling plasmonic nanostructures on the nanometer
scale over a large number of particles and applying the right
surface and conjugation chemistries to nanoprobes for a specific
application are keys to successful biomedical applications of
PENs. Plasmonic nanostructures with well-controlled optical
properties led to the development of highly sensitive plasmonic
sensors and naked eye detection of biological targets via the
aggregation of a large number of plasmonic probes. Tools such as
DNA origami and related well-defined organic templates or
connectors led to precisely controlled plasmonic nanostructures
exhibiting new and augmented plasmonic properties. Partic-
ularly, SERS-based biosensing has achieved single-molecule
sensitivity and signal reproducibility with hot-spot engineering at
nanometer precision and has been used to generate highly
enhanced electromagnetic fields in discrete plasmonic assem-
blies. However, the wide application of SERS in bioimaging
remains limited by low tissue penetration of operating light,
relatively poor signal reproducibility and quantification of targets,
and compatibility and stability of sophisticated SERS tags with
complex biological systems. Large light-scattering cross sections
and concentration of light in a nanometer volume make PENs
ideal for dark-field microscopy; tagging biomolecules with such
bright plasmonic rulers can be used for probing crucial
biomolecular interactions and measuring small biological
distances. The field of chiroplasmonics is emerging with for the
study of secondary and tertiary structures of nucleic acids and
proteins at the single-molecule level and for the sensitive
detection and discrimination of enantiomeric biomolecules,
which is challenging using conventional CD spectroscopy.
However, new high-yielding methods should be developed to
construct chiral plasmonic nanostructures and metamaterials
with desired handedness. Plasmon-mediated modulation of
fluorescence is also an exciting phenomenon for a numerous
molecular detection applications. Fluorescence quenching by the
PEN surface has been used as a biodetection switch for a variety
of biosensing applications. MEF can be useful for enhancing the
application scope and efficiency of conventional fluorophores.
Precise tuning of the distance between the fluorophore and metal
surface with nanometer precision is challenging for such
applications, and more advanced synthetic approaches should
be developed.

It should be always noticed that the effect of complex
interactions of constituents present in biological media with the
PEN surface on the plasmonic properties should be systemati-
cally evaluated and controlled, especially for in vivo applications,
and new bioconjugation strategies for reliably tagging PEN's with
biomolecules should be developed differently for each specific
application under different environments that fit for each
application. PENSs are ideal platforms for multimodal bioimaging
applications because of the access of a variety of plasmon-

induced properties of PENs, such as SERS, PA effect, and ease of
hybridization with other modalities such PET, CT, and
fluorescence. Recent progress in the field of PEN-based
therapeutic applications has demonstrated the potential of
using PENSs for cancer therapy and gene therapy. Combination
approaches such as PTT—PDT have shown impressive results in
animal models. It was recently shown that the second NIR
window (NIR-1I; wavelength range: 1000—1400 nm) has several
advantages over conventional NIR-I region (750—900 nm)
because of reduced photon-scattering probability, deeper tissue
penetration, and lower autofluorescence back%round. Carbon
nanotubes,'”® Ag,S QDs,"”® and organic dyes'”” have already
been explored for NIR-II-based bioimaging applications. Au—
Cu,yS; hybrid NPs were used for photothermal therapy in the
NIR-II window.'*® Multifunctional PENs, which can absorb and
emit light in the NIR-II region, would certainly be excellent
candidates in future diagnostic and therapeutic applications. To
extend the scope and find other advantageous properties of
PENs, wider and different therapeutic applications should be
explored, which would require new design strategies and
knowledge of the corresponding nano-biochemistries. Studies
of the pharmacological effects, fate after therapy, biodistribution,
biodegradation, and excretion from the body should be
conducted for the clinical application of PENs. Although most
PENSs are currently in the initial stages of biomedical applications,
a bright future regarding their biomedical applications is
anticipated, as suggested by recent examples discussed in this
Perspective.
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