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Molecular plasmonics for biology and

The optical excitation of surface plasmons in metal nanoparticles leads to nanoscale spatial confinement
of electromagnetic fields. The confined electromagnetic fields can generate intense, localized thermal
energy and large near-field optical forces. The interaction between these effects and nearby molecules
has led to the emerging field known as molecular plasmonics. Recent advances in molecular plasmonics
have enabled novel optical materials and devices with applications in biology and nanomedicine. In this
article, we categorize three main types of interactions between molecules and surface plasmons: optical,
thermal and mechanical. Within the scope of each type of interaction, we will review applications of
molecular plasmonics in biology and nanomedicine. We include a wide range of applications that involve
sensing, spectral analysis, imaging, delivery, manipulation and heating of molecules, biomolecules or cells
using plasmonic effects. We also briefly describe the physical principles of molecular plasmonics and
progress in the nanofabrication, surface functionalization and bioconjugation of metal nanoparticles.
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Localized surface plasmon resonance (LSPR)
occurs in metal nanoparticles when light
drives the oscillation of the free electrons in
the nanoparticle [1]. A schematic illustration of
LSPR is shown in Ficure 1A: when external light is
incident on a metal nanoparticle, its electric field
(E,) periodically displaces the sphere’s electrons
with respect to the lattice ions, resulting in oscil-
lating electron density [2]. Upon the excitation
of LSPR, nanoscale localization and enhance-
ment of electromagnetic (EM) fields occur in
the vicinity of the metal nanoparticle [3]. The
locally enhanced EM fields generate localized
thermal energy because of the rapid conversion
of photon energy into heat via electron—electron
scattering and electron—phonon coupling [4] and
strongly scatter and absorb light at the LSPR
wavelengths (Ficure 1B) [5-12].

These nanoscale fields can interact with
cells, large biomolecules and even small mol-
ecules, optically, thermally and mechanically.
By understanding and controlling the interac-
tions between these objects and surface plas-
mons, researchers have developed approaches for
efficiently sensing, analyzing, trapping, trans-
porting and manipulating molecules and cells
(13-20]. These developments have led to novel
devices and analytical tools for applications in
biology and nanomedicine and to the formation
of the field of molecular plasmonics (Ficure 2).
For example, because the highly concentrated
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light near the particles is sensitive to molecular
dynamics, the metal nanoparticles can function
as sensors for understanding molecular-level bio-
logical processes [21-25]. With the increased scat-
tering and/or absorption cross sections, metal
nanoparticles are extremely sensitive labels for
immunoassays and molecular spectroscopy [26].
In addition, researchers have successfully dem-
onstrated plasmonic photothermal therapy for
cancer based on the strong localization of pho-
tothermal energy [27-33). The high intensity and
large gradient of EM fields associated with LSPR
in the particles’ near field result in powerful opti-
cal forces that are the foundation for plasmonic
tweezers used for single-molecule biophysics
(34.35]. Implementing the valuable properties of
molecular plasmonics in practical applications,
however, is subject to the development of both
plasmonics and molecular nanotechnology.
Due to the small size of single molecules,
molecular plasmonics requires precise control
of both the spatial profile of surface plasmons
and the location of molecules within the near
field of metal nanoparticles, in order to have
effective molecule—plasmon interactions. /n vivo
applications have additional requirements on
the shape, size, LSPR wavelength and surface
functionalization of the metal nanoparticles for
targeted delivery, imaging and plasmonic excita-
tion inside human bodies [36,37]. Recent prog-
ress in nanofabrication, measurement methods,
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Figure 1. Basic principles of localized surface plasmon resonance.

(A) Schematic shows that, when an external light wave is incident on a silver
nanosphere, its electric field, E,, periodically displaces the sphere’s electrons with
respect to the lattice. This results in oscillating electron density — a localized surface
plasmon resonance. (B) Scanning electron micrographs (top) and dark-field images
(bottom) of several metal nanoparticles made by electron beam lithography. From
left to right the shapes are a rod, a disc and two triangles.

Reproduced with permission from [s] © WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim (2007).
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instruments, metrology and computation enable
the precise modeling, design and control of both
near- and far-field LSPR profiles at a wide range
of wavelengths (Ficure 3) [38-46]. These devel-
opments have granted vital temporal, spatial
and spectral control of the plasmon—molecule
interactions.

Both ‘bottom-up’ chemical synthesis and
‘top-down’ lithographic techniques have been
highly developed for the fabrication of metal
nanoparticles [41,47-49]. While the former
provides crystalline nanoparticles allowing

Plasmon—molecule
interactions

Optical

and spectroscopy

-

Figure 2. Schematic summarizing and structuring biological and
nanomedical applications of molecular plasmonics. Three types of
molecule—plasmon interactions — optical, mechanical and thermal — underpin
emerging applications in molecular biology and nanomedicine.
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extremely precise control of their shape, size
and composition by assembling the particles
atom-by-atom, the latter allows flexibility in
controlling particle shape and size in arbitrary
2D arrays fixed on substrates. Ficure 4 shows
examples of 2D metal nanostructure arrays fab-
ricated with nanosphere lithography [43] or elec-
tron beam lithography [50]. In these arrays, cou-
pling between nanoparticles provides another
degree of freedom for controlling the spectral
and spatial properties of surface plasmons [s1].
A dramatic enhancement of the localized EM
fields is achievable by gaining materials at the
metal nanostructures, as demonstrated in the
development of surface plasmon amplification
by stimulated emission of radiation [52,53].

Along with developments in the fabrication
of metal nanoparticles, good progress has been
made in molecular functionalization, self-assem-
bly and measurement tools that enable precise
position and characterization of molecules and
biomolecules on metal surfaces (Ficure 5) [54-62].
These advances in both plasmonics and molecu-
lar nanotechnology have gradually shifted the
focus of molecular plasmonics from developing
high-quality metal nanostructure—molecule
complexes and investigating their physical
properties to the potential applications of these
complexes.

In this article, we aim to review the recent
developments in molecular plasmonics, which
include a broad range of biological/medical
applications. We categorize and discuss repre-
sentative applications of molecular plasmonics
within the framework of three types of mole-
cule—plasmon interactions: optical, thermal and
mechanical. These applications include sensing,
spectroscopy, imaging, phototherapy, nanocar-
riers and plasmonic tweezers. Finally, we pres-
ent the current challenges and future research
directions for each application.

Applications based on optical effects
Nanosensors based on LSPR

modulation

Molecular detection with high sensitivity is an
invaluable assay for elucidating biomolecular
interactions and dynamics at the smallest scales
21]. Plasmon resonance is exquisitely sensitive to
changes in the refractive index surrounding the
nanoparticles because of the nanoscale localiza-
tion and enhancement of the EM field 24.63]. By
monitoring the intense, narrow LSPR spectra in
either the extinction or scattering modes, we can
detect molecule-induced changes in the local
refractive index through LSPR modulations [64].
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Figure 3. Localized surface plasmon resonance range of metal nanoparticles of different
shapes. A wide range (from UV to mid-infrared) of localized surface plasmon resonance wavelengths
are obtained with metal nanoparticles of various shapes and sizes.

Reproduced with permission from [39] © 2007 Nature Publishing Group.

Specifically, the LSPR peak wavelength, inten-
sity and/or bandwidth can be modulated by
molecular adsorption, desorption or even con-
formational changes that induce variations in
the refractive index [65-¢8]. Furthermore, the size
of the nanoparticles endows them with excel-
lent spatial resolution that is of considerable
value when delivered inside the human body
for in vivo applications [69].

With simple, inexpensive transmission spec-
trometry, LSPR-modulation-based sensors have
been making tremendous progress in detecting
molecules, biomolecules and cellular signaling
(19,21,25,64,70-72]. Yonzon and coworkers stud-
ied the real-time binding of conconavalin A
to mannose-functionalized nanoparticles [73].
Haes et al. used LSPR nanosensors to mea-
sure amyloid-derived diffusible ligands at a
concentrations of 100 fM [71]. Alivisatos and
coworkers developed a plasmonic molecular
ruler, which monitors LSPR modulation from
changes in plasmonic coupling between a pair
of metal nanoparticles, to detect the hybridiza-
tion of DNA oligonucleotides to ssDNA [74,75].
Recently, 3D plasmonic molecular rulers have
been developed based on coupled plasmonic
oligomers; the 3D rulers enable retrieval of
the complete spatial configuration of biologi-
cal processes and their dynamic evolution [76].
Atwater and coworkers developed compliant
plasmonic metamaterials [77]. By integrating
split-ring resonators on polydimethylsiloxane,
mechanical deformation was used to change
the capacitance of the gap and the coupling
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strength between the resonators, thus tuning
and customizing the response of the metamate-
rials postfabrication. Compliant metamaterials
could both detect small changes in refractive
index and resonantly enhance the vibrational
modes of molecules [77].

A significant milestone for LSPR nanosen-
sors is to reach the single-molecule detection
limit (13). This can be achieved by improving
the sensitivity of the metal nanoparticles with
new structures (78-83], improving the resolu-
tion of spectrometers [84] and/or increasing
the effective change in the dielectric constant
per molecular binding event [85.8¢]. The final
option requires a better understanding of plas-
mon—molecule interactions, and in that vein,
by exploiting the electronic couplings between
molecular resonances and nanoparticle LSPR,
researchers have uncovered three scenarios that
exhibit surprisingly large changes in the LSPR.
Fieure 6 shows three scenarios for the evolution
of the LSPR spectra upon adsorption of reso-
nant molecules. The molecular resonances lead
to strong absorption by the molecules at their
resonant wavelengths, usually known as exciton
absorption. We provide a detailed discussion on
each scenario below.

As illustrated in scenario 1 in Ficure 6, a
large LSPR shift arises from the adsorption of
resonant molecules onto metal nanoparticles.
The large LSPR shift arises due to the spectral
overlap between the LSPR and the molecular
absorbance, which causes a significant change
in the local refractive index as described by the
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Figure 4. Examples of metal nanoparticle arrays produced using various
nanofabrication techniques. (A-D) Nanoprisms, nanodisks, triangular nanoholes
and circular nanoholes, respectively, made with nanosphere lithography. (E) The
fabrication of nanoparticle and complementary nanohole structures with electron
beam lithography, with scanning electron microscopy images of nanoparticle and

nanohole arrays.

(A-D) Reproduced with permission from [43] © Elsevier (2008). (E) Reproduced
with permission from [s0] © 2010 American Institute of Physics.
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Kramer—Kronig relations (see the ‘experimental’
column of scenario 1 in Ficure 6) [87]. In Ficurs 74,
a monolayer of [2,3,7,8,12,13,17,18-octakis-
(propyl) porphyrazinato] magnesium (II) with
molecular resonance at 598 nm adsorbed on
the silver nanoparticles of different LSPRs
is shown [87]. When the LSPR wavelength is
much larger or smaller than 598 nm, a redshift
of approximately 20 nm is observed upon molec-
ular adsorption. When the LSPR wavelength is
equal to 598 nm, an unusually small redshift
of only 2 nm is observed. However, when the

Nanomedicine (2012) 7(5)

LSPR is redshifted 6 nm from 598 nm (i.e., at
604 nm) an unusually large redshift of approxi-
mately 60 nm occurs. This exquisite sensitivity
to molecular absorption paves the way for the
development of highly tuned sensors based on
shifts in molecular absorbance in response to
analyte concentrations. These sensors transduce
weak changes in molecular absorption inten-
sity or wavelength into spectral shifts in the
intense LSPR scattering and absorbance signals
(Ficure 7B) [85]. In the second scenario (scenario 2
in Ficure 6), the electronic coupling between the
LSPR and molecular resonance leads to plasmon
resonance energy transfer and wavelength-spe-
cific quenching shown as a dip in the Rayleigh
scattering spectrum of the nanoparticle-mol-
ecule complexes [88]. Monitoring this quenching
leads to development of a new type of molecule-
level sensors [86]. Based on plasmon resonance
energy transfer spectroscopy, real-time produc-
tion of cytochrome ¢ in living HepG2 cells has
been imaged [89]. In scenario 3, as illustrated in
the schematic column of Ficure 6, the LSPR and
molecular resonances hybridize and two new
resonances appear on either side (one redshifted
and one blueshifted) of the original LSPR.
Wiederrecht ez al. reported the hybridization
in J-aggregate—metal nanosphere complexes [90].
Halas and coworkers studied wavelength-depen-
dent coupling behavior in hybrid nanostructures
composed of Au nanoshells and J-aggregates [91].
The Au nanoshells enabled facile tuning of the
LSPR wavelength over a wide spectral range sur-
rounding the absorption peak of the J-aggregate.
Both asymmetric energy splitting and anti-
crossing behavior were observed in the coupled
energy diagram (see the experimental column
of scenario 3 of Fiure 6). Wang and coworkers
used colloidal Au nanorods to study resonance
coupling both collectively and individually [92-
94]. To overcome challenges involving the fixed
nature of LSPR in metal nanoparticles, Zheng
et al. developed tunable plasmonic systems that
enable the incident angle of light to modify
the LSPR spectrum (Ficure 8) [95]. The tunable
systems allow researchers to explore and under-
stand coupling in both weak and strong regimes
with a single nanoparticle structure [65.95]. In
the near future, we expect to see cases that uti-
lize the hybridization phenomena for sensing
applications.

In summary, the EM fields associated with
LSPR near metal nanoparticles are extremely
sensitive to their surroundings. This high sen-
sitivity, in combination with the advantages
of light (e.g., noninvasiveness, high speed and
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directionality), makes plasmonic nanosensors
attractive for studying biological molecules
and reactions. A broad range of applications
have already been demonstrated. Continuous
improvements in sensitivity and selectivity are
being achieved through progress in multiple
aspects: design, modeling and fabrication of
metal nanostructures; surface functionaliza-
tion and bioconjugation; and understanding
plasmon—molecule resonant interactions. Many
researchers are currently working to push these
devices toward single-molecule sensitivity. One
of the major (seemingly insurmountable) chal-
lenges for LSPR-modulation-based nanosensors
is to identify unknown molecules. Currently,
we apply other techniques, such as MALDI
mass spectrometry [96] and surface-enhanced
Raman spectroscopy (SERS) 3], to circumvent
these problems.

SERS

Raman spectroscopy is a highly specific tech-
nique used to detect and to identify molecules
based on their unique vibrational energy levels
and corresponding Raman fingerprints [97].
In Raman scattering, photons are scattered
inelastically, either losing energy (Stokes shift)
or gaining energy (anti-Stokes shift) equal to
the molecular vibrations of the probed mate-
rial. One challenge for conventional Raman
spectroscopy is detecting small amounts of
molecules: the low Raman scattering effi-
ciency of single molecules generally results in
weak Raman signals for low concentrations.
Plasmon-enhanced EM fields, however, are
capable of amplifying Raman signals from
molecules near the particles, leading to highly
sensitive molecular identification (Ficure 9)
(18.98,99]. Advances in plasmonics have enabled
the generation and control of EM hot spots
with extremely high intensity and helped
understand the effects of the spectral overlap
between the excitation laser and LSPR on the
Raman enhancement factor, leading to rational
design of plasmonic nanostructures for maxi-
mum enhancement of Raman signals [64,100].
Recently, Le Ru and coworkers proposed a sim-
ple scheme and a general experimental meth-
odology based on selective adsorption of the
target analyte only at the SERS hotspots that
enables detection of every single target mol-
ecule in solution [101]. Liz-Marzan and Alvarez-
Puebla developed a universal SERS detection
tool based on a concept of ‘traps and cages’ that
actively captures and traps analytes close to the
SERS substrates [102].
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Figure 5. Self-assembled monolayers as versatile interfaces for metals and
biomolecules. (A) A molecularly resolved scanning tunneling micrograph of a
decanethiol self-assembled monolayer on a Au surface, indicating different types of
defects. (B) Capturing receptor proteins via surface-tethered small probes. A
substrate is functionally modified with serotonin attached to oligo(ethylene
glycol)-terminated alkanethiols self-assembled on a Au surface, where serotonin
receptor proteins recognize the substrate, demonstrating bioavailability.

SAM: Self-assembled monolayer.

(A) Reproduced with permission from [58] © 2008 American Chemical Society.
(B) Reproduced with permission from [61] © 2010 American Chemical Society.

Besides identifying molecular chemical struc-
tures, SERS is capable of differentiating cer-
tain conformation-dependent vibration modes
in molecules, thus revealing conformational
changes [103). Monitoring the spatiotemporal
conformational changes in biomolecules plays
a significant role in understanding a variety of
coordinate biological processes [68]. Recently,
Zheng et al. successfully applied SERS to
study the reversible photoswitching of isolated
azobenzene-functionalized molecules inserted
in self-assembled monolayers (Ficure 10) [104]. By
comparing calculated and experimental data,
SERS can provide quantitative information on
the reversible photoswitching of azobenzene.
This study paves the way for detecting transfor-
mational and structural changes in functional
proteins and other biomolecules. Moreover, it
is possible to obtain dynamic information if
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Figure 6. Three types of molecule-plasmon resonance couplings in molecule-metal nanoparticle hybrids. The couplings are
reflected in the different localized surface plasmon resonance modulations such as the shift of localized surface plasmon resonance peak
wavelength or change of band shape as illustrated in the schematic column. The arrows in the schematic column indicate the large peak
shift (scenario 1), the formation of a quenching dip (scenario 2) and the formation of two new peaks (scenario 3). (A) The plots of LSPR

shift (nm) versus spectral position of the Ag nanoparticles. The solid black line with filled dots is an experimental plot; the other two
curves are theoretical plots using two semiempirical models with a scaled refractive index from a Kramers—Kronig analysis. (B) The
plasmon resonance energy transfer spectra for a 20-nm gold nanoparticle conjugated with reduced cytochrome ¢ molecules. Open
circles represent raw data; green solid lines, fitting curve; red solid lines, Lorentzian scattering curve of bare Au nanoparticles; blue solid
line, processed absorption spectra for the reduced conjugated cytochrome c by subtracting red curve from the green curve. Inset:
scattering image; scale bar: 2 pm. (C) Dispersion curve to determine the coherent coupling energy for the localized plasmon/exciton
system. Black and green lines: uncoupled exciton.
LSPR: Localized surface plasmon resonance.

(A) Reproduced with permission from [87] © 2006 American Chemical Society. (B) Reproduced with permission from [88] © 2007 Nature
Publishing Group. (C) Reproduced with permission from [91] © 2008 American Chemical Society.
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the SERS system is equipped with ultra-fast
optics [105].

In summary, SERS is becoming a common
analytical tool for studying molecular struc-
tures, dynamics, and various biological pro-
cesses. The plasmonic near-field enhancement
is the major driving force that enhances light
absorption and scattering processes related to
molecular vibrations. Further advances in
plasmonics will enable deeper insight into the
mechanisms at work in SERS by engineering
the hotspots and separating the multiple fac-
tors determining the SERS enhancement [42].

Nanomedicine (2012) 7(5)

While the SERS spectra can identify molecules,
spatial information is limited; this poses a prob-
lem when studying certain biological processes
and when monitoring therapeutic effects. To
overcome this limitation, researchers have been
developing plasmonic nanoscopy for imag-
ing molecules using LSPR-induced nanoscale
localization and enhancement of light [106].

Plasmonic nanoscopy & imaging
Light has significant advantages for imaging
applications, including its remote and non-
invasive nature and fast response time. Optical
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Figure 7. Nanosensors based on localized surface plasmon resonance modulation.

(A) Schematic representation of [2,3,7,8,12,13,17,18-octakis(propyl)porphyrazinato]Jmagnesium (I1)
(MgPz) adsorbed on silver nanoparticles, and comparison of LSPR shifts induced by a monolayer of
MgPz adsorption on the silver nanoparticles with the LSPR of bare silver nanoparticles (dark line with
dots). The green line (indicated by black arrow) is the solution absorption spectrum of MgPz.

(B) Schematic representation of cytochrome P450 protein (CYP101) immobilized on a silver biosensor
followed by binding camphor, and plots of LSPR shifts against Amasav (LSPR of SAM-functionalized
nanoparticles), where AK1 is the shift on binding of CYP101 and AA,, is the shift on binding camphor.
The vertical dark dotted line denotes the molecular resonance of substrate-free CYP101.

LSPR: Localized surface plasmon resonance; SAM: Self-assembled monolayer.

(A) Reproduced with permission from [87] © 2006 American Chemical Society. (B) Reproduced with
permission from [85] © 2006 American Chemical Society.

imaging of nanoscale objects, however, exhibits
challenges because of the diffraction limitation
of light. Advances in nanotechnology have aided
in developing techniques that can overcome this
limitation to achieve nanoscale optical imaging
(107-110]. Under the umbrella of near-field scan-
ning optical microscopy (NSOM), plasmonic
nanoscopy is capable of nanoscale biological and
medical imaging with high signal-to-noise ratio,
high spatial and temporal resolution, and low
illumination power [2,111].

Researchers made use of the high resolution
inherent to plasmonic nanoscopy to study the
fluorescence rate of a single molecule as a func-
tion of its distance to a laser-irradiated gold
nanoparticle, which also functioned as the
nanoscopic probe [112,113]. Near-field fluorescence
images were obtained by raster-scanning the
sample while maintaining a constant nanopar-
ticle sample separation. By varying the distance
between molecule and particle, the researchers
demonstrated a continuous transition from fluo-
rescence enhancement to fluorescence quench-
ing. This study helped illuminate some of the
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physical mechanisms related to the quenching
and enhancement of fluorescence from dye
molecules by LSPR in nanoparticles [39]. These
mechanisms are important in the development of
plasmon-enhanced fluorescence tags to take the
place of the commonly used isolated fluorescent
molecules.

‘Chemical vision’ is among newer applications
of plasmonic nanoscopy, which allows researchers
to identify the chemical structure of an object
with high spatial resolution [114]. An important
development in this subfield has been demon-
strated in an example that maps the chemical
composition of a silica surface that contains an
ultranarrow (30-nm wide) trench of exposed
silicon (Fiure 11) [115]. The plasmonic nanoprobe
was mounted on a cantilever that is used both
for atomic force microscopy and NSOM/Raman
measurements. This allowed the mapping of asil-
icon surface’s chemical fingerprints with roughly
5-nm spatial resolution.

The NSOM-type plasmonic nanoscopes are
generally used for in vitro analysis of molecules
and cells, while suspended metal nanoparticles are
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Figure 8. Development of metal nanoparticle arrays with tunable localized surface plasmon
resonances as platforms for understanding plasmon-molecule interactions. (A) A schematic
of the setup for measuring the angle-resolved extinction spectra of a hexagonally arranged array of
Au nanodisks on a glass substrate. The probe light is directed at the array and detected at the
zeroth-order transmission while the substrate is rotated out-of-plane with an incident angle 6. (B) A
series of extinction spectra of the Au nanodisk arrays measured at 6 ranging from 0-65° with an
interval of 5°.

Reproduced with permission from [95] © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

usually used as nanoscale probes for 77 vivo imag-
ing. Metal nanoparticles can be made to accumu-
late selectively in cells or tissues of interest inside
the body by functionalizing the particle’s surface
(116]. Their strong scattering then allows them to
provide high-resolution imaging with good pho-
tostability, minimum invasiveness and low toxic-
ity. Using this scattering, Estrada and Gratton
achieved a high-resolution 3D image of biologi-
cal fibers such as collagen and actin filaments by
moving a single Au nanoparticle along the fibers
with near-infrared (NIR) femtosecond pulses and
measuring its trajectory [106]. Surgeons may use
the imaging capability of metal nanoparticles to
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help locate tumors and their margins, enabling
identification of important adjacent structures
and mapping sentinel lymph nodes [69].

In summary, plasmonic nanoscopy is capable
of non-invasively imaging molecules with low
irradiation power because of plasmon-enhanced
molecular absorption, emission and/or scatter-
ing of light at the nanoscale. Suspended metal
nanoparticles with specific surface functionaliza-
tions can serve as probes for 3D 77 vivo molecular
imaging. Chemical vision, combining nanoscale
imaging and molecular identification, is one of
the most important new directions in plasmonic
nanoscopy.
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Figure 9. Surface-enhanced Raman spectroscopy. (A) Schematic sample geometry for
nanoparticle-based SERS. (B) Raman spectrum of p-mercaptoaniline collected with no nanoshells

(blue) and SERS spectra with nanoshells (red).
a.u.: Absorbance units.

Reproduced with permission from [39] © Nature Publishing Group (2007).

758

Nanomedicine (2012) 7(5)

future science group



Azobenzene N N’/N\©
uv
—
|-—
VIS
[0}
S;;f/ H):))){H/
SSSSSSSSS SSSS88SSSS
[ [

Au

Mica

Blue time (min)

Molecular plasmonics for biology & nanomedicine

©

3
P
=
=
@
c
[5)
2
3

Raman:shift (cm™)

@ (I) 2|0 4|0 6|0

0.90
50.85+ H0.95 3 3
So.80- _UV Blue 8§06
£0.75 ~0.90 5 5054
€ TE
5270 | 0.85 © 041
£0.65 o3
<. 8 8§03
F0.60 - L 0.80F ¥
4 S 902
Q0,55 oo

0.50 — | ~0.75 0.1 : : | |

T T T 1 T
0 20 40 60 80 100
UV time (min)

00 02 04 06 08 10

Xtrans

Figure 10. Surface-enhanced Raman spectroscopy for probing photoisomerization of
isolated azobenzene. (A) A cross-sectional view of an isolated azobenzene molecule inserted in a
SAM of dodecanethiolate on a Au film with a nanohole array. The azobenzene is reversibly
photoisomerized between trans and cis conformations by cycling exposure to UV (365 nm) and blue
(450 nm) light. (B) A representative scanning electron microscopy image of the nanohole arrays on
Au thin films with a Raman spectrum of azobenzenes in a thiolate matrix recorded from the substrate
regimens with nanoholes. The five major modes are assigned as C1, C2, C3, C4 and C5. (C) The
experimental peak area ratio (C3/C4) of the Raman modes C3 and C4 as a function of UV (black
circles) and blue (blue squares) light exposure time. (D) The simulated (B3LYP/6-31G*) peak area

ratio (C3/C4) of the Raman modes C3 and C4 as a function of mole fraction (X

isomer.
SAM: Self-assembled monolayer; VIS: Visible.
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Reproduced with permission from [104] © 2011 American Chemical Society.

To this point, we have discussed the optical
effects of LSPR that enable the development of
sensors, spectroscopy and nanoscopy, as well as
the current status and future directions of these
applications. Coupled with optical near-field
effects, metal nanoparticles can rapidly convert
absorbed photon energy into heat via multiple
photophysical steps: optical absorption and
dephasing of LSPR, internal relaxation of the
electrons via electron—electron scattering and
electron—phonon coupling, and energy dissipa-
tion into the environment [117]. Understanding
and controlling the effects of the localized
thermal energy on molecules and cells near
the metal nanoparticles allow us to harness
the heat for the development of particle-based
photothermal therapy and smart nanocarriers.
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Applications based on thermal
effects
Photothermal therapeutics

Plasmon-enhanced photothermal effects in
metal nanoparticles have already been success-
fully demonstrated for cancer therapy, where
laser excitation is used to kill tumor cells selec-
tively (Ficure 124) 30,33]. These metal nanoparticles
function like nanoscale lenses, focusing external
laser energy at the nanoparticles’ LSPR to a small
region surrounding the particles. This high EM
energy density is converted into thermal energy
that heats the metal nanoparticles locally. This
process is applied after the particles are in or near
the cancer cells, and causes the cells to reach a
temperature approximately 15-20°C above phys-
iological temperature, high enough to induce
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Figure 11. Plasmonic nanoscopy for ‘chemical vision’. (A) Scanning electron micrograph of the nanoscope tip. The inset shows
multiple tips. (B,C) Close-up images of the photonic crystal cavity and the tapered plasmonic waveguide with a conical shape. (D) The
experimental setup, showing the integration of the photonic—plasmonic device into an AFM—Raman microscope. (E) Atomic force
micrograph across a submicrometer silicon nanocrystal/SiO, trench. (F) Raman intensity map (top) between 500 and 540 cm”, as
measured simultaneously with AFM topography. The dotted red line corresponds to the red line scan in the topography map of (E).
Intensity (bottom) of the c-Si Raman peak at 520 cm™ (black dots) and corresponding AFM line scan (red squares) along the red line

of (E).

AFM: Atomic force microscopy; NA: Numerical aperture; QPD: Quadrant photodiode; Si: Silicon; SiO : Silicon oxide.

Reproduced with permission from [115] © 2010 Nature Publishing Group.

760 Nanomedicine (2012) 7(5) future science group



Molecular plasmonics for biology & nanomedicine

Tumor
(side view) AT/°C
35
PEG-nanoshells
30
hv
258
20
6 min
/\\ 3 min 15
1 min
T T T 1 10min 10

1 2 3 4 5 6
Depth from skin/mm

Control

1 2 3 4 5 6
Depth from skin/mm

Figure 12. Plasmonic photothermal therapy. (A) Schematic of Au nanoparticles adsorbed
selectively on tumors. The localized temperature increase by laser excitation of localized surface
plasmon resonance kills the tumor without damaging the healthy cells nearby. (B) Real-time, in vivo
MRI guidance and temperature monitoring of near-infrared laser photothermal cancer therapy using

locally administered gold nanoshells.

(A) Reproduced with permission from [124] © 2008 American Chemical Society. (B) Reproduced with
permission from [27] © 2003 National Academy of Sciences, USA.

apoptosis (Ficure 12B) [27]. Nanoparticle-assisted
photothermal therapy is a drug-free approach
that induces cell death by utilizing the localized
heat generated upon excitation of LSPR.
Among various metal nanoparticles targeted
for photothermal therapy, gold nanoshells,
nanorods and nanocages have been the most
heavily investigated owing to their widely tun-
able LSPR, which spans into the NIR range,
where absorption in the human body is mini-
mized [14,118-120]. In a critical initial step, Elliot
et al. quantified the nanoshell-laser interaction
to determine the effect of nanoshell concentra-
tion and laser power on the photothermal effect
[28]. Next, Stern et a/. evaluated the effect of
nanoshell concentration on ablation of a human
prostate cancer model in a mouse [29]. El-Sayed
and coworkers used anti-EGF receptor anti-
body-conjugated gold nanoparticles for photo-
thermal therapy of epithelial carcinoma [121].
They found that the malignant cells require less
than half the laser energy (continuous visible
argon ion laser at 514 nm) to be killed than the
benign cells after incubation with the conjugated
gold nanoparticles. However, no photothermal
destruction was observed for all types of cells in
the absence of nanoparticles at the laser energy
four-times higher than that required to kill the
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malignant cells with the anti-EGF receptor/Au
conjugates bound [121]. Several excellent review
papers on plasmonic photothermal therapy have
been published previously [6,116,120,122-124].

To ensure the effectiveness of the photother-
mal therapy, metal nanoparticles need to accumu-
late selectively at the tumor site. This is possible
through passive accumulation, which occurs due
to the leaky tumor vasculature [69]. Malignant
tumors rapidly develop new vasculature to sup-
ply their expanding mass; these new blood vessels
are structurally abnormal and irregularly shaped,
characterized by inconsistent diameters and large
gaps (up to 2 pm). These gaps are large enough
to allow large molecules and nanoparticles from
the blood stream to be taken into the tumor. This
property is referred to as the enhanced permeabil-
ity and retention effect, and leads to preferential
accumulation of metal nanoparticles in tumors,
although accumulation does occur in other nor-
mal organs [125]. However, without an appropriate
surface coating, nanoparticles in the blood stream
are rapidly removed from circulation by the
mononuclear phagocyte system, rarely making
it to the tumor site [12¢]. To protect the nanopar-
ticles from this fate, their surfaces can be func-
tionalized with molecules and biomolecules. For
instance, nanoparticle delivery may be directed
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Figure 13. Plasmonic gene therapy. (A) Concept of gene release by oligonucleotides on plasmonic carriers with optical switch
activation. (B) Left: tunable metal nanorod carriers based on different aspect ratios. Middle: scanning electron microscopy image of
nanorod with an aspect ratio (length/diameter) of 3.5. Right: axisymmetric FEMLAB simulation demonstrating localized heat distribution

at the nanorod surface at steady state.
GNP: Gold nanoparticle; NIR: Near-infrared.
Reproduced with permission from [135]. © 2009 American Chemical Society.

by conjugating the nanoparticles to antibodies,
proteins or ligands specific to surface markers
overexpressed by cancer cells [116].

In summary, the localized heat converted
from concentrated light at metal nanoparticle
surfaces can lead to hyperthermia of nearby
cells. Aided by surface functionalization, the
particles can target tumors specifically, enabling

762 Nanomedicine (2012) 7(5)

the eradication of tumor cells without collateral
damage to the surrounding healthy cells. For
therapies that require chemical drugs or genes
rather than the direct thermal treatment, plas-
mon-enhanced photothermal effects can also
be utilized to develop smarter nanocarriers that
enable optically-controllable delivery of drug
molecules/oligonucleotides.

fsg
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Smart nanocarriers
Among the many advanced nanotechnology-
based approaches towards smart nanocarriers
(127-131], metal nanoparticles that use plasmon-
enhanced photothermal effects to release drug
molecules that were conjugated to their surfaces
have shown great promise. Huang and cowork-
ers, for example, devised an aptamer/hairpin
DNA-gold nanoparticle conjugate as a smart
nanocarrier for the targeted delivery of drugs.
When illuminated with light at their LSPR
wavelength, the LSPR-induced local heating
drastically reduced the nanoparticle-molecule
bond stability and the loaded anticancer drug
was released; this led to enhanced anti-tumor
efficacy with high spatiotemporal resolution
and few side effects 132]. Newer developments
in this field have led to a drug delivery system
that allows multiple drugs to be released in
a controlled fashion [17]. In binding drugs to
nanoparticles of different shapes, researchers
have utilized the fact that metal nanoparticles
of different shapes support LSPR at different
wavelengths to release specific drugs selectively
by illuminating them with monochromatic
light. This type of system could be used to
provide better temporal control of drug release
when battling diseases commonly treated with
multiple drugs.

In a similar fashion, metal nanoparticles
exhibiting photothermal effects can also func-
tion as plasmonic gene switches, regulating
intracellular gene activity both temporally and
spatially (Ficure 13) [15,16,133,134]. Because of their
large surface-to-volume ratios, nanoparticles are
ideal carriers of oligonucleotides such as ssDNA,
siRNA and plasmid DNA. For example, short
ssDNA (antisense DNA) can be hybridized to
thiolated complementary sense DNA and bound
to the gold nanoparticle’s surface through a
gold—thiol covalent bond [135]. While attached
to their carriers, oligonucleotides are rendered
inactive due to steric hindrance in the tightly
packed layer. In the presence of continuous-wave
incident light at the LSPR wavelength, antisense
DNA is photothermally dehybridized from its
carrier and is able to interact freely with the local
environment. Thus, remote-controlled NIR light
acts as a trigger to release free oligonucleotides
and to ‘activate’ their functionality; this tech-
nique enables researchers to silence endogenous
intracellular genes on demand. The strategy
of photothermal dehybridization offers several
notable advantages for gene switches: it requires
no chemical modification or reattachment of
antisense DNA strands, it does not interfere with
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nucleic acid functionality and/or gene-silencing
efficacy, and it has low cytotoxicity [133].

In summary, plasmon-enhanced photothermal
effects enable precise temporal delivery of drugs
or gene agents through heat-induced morphology
changes in the metal nanoparticles or dehybrid-
ization of biomolecules. Advances in plasmonic
design, nanofabrication and surface functional-
ization are enabling the development of smarter
nanocarriers through multiplexed wavelength
control and complex temporal control of drug
delivery; these techniques allow the carriers to
deliver multiple drugs with high temporal fidelity
to combat a variety of diseases. Future develop-
ments will move towards optimizing the nano-
carriers for NIR excitation for 7 vive applica-
tions. The relationship of the local temperature
distribution to light polarization and intensity for
metal nanoparticles of various shapes and sizes
should be further studied to enhance applications
in specific tumor or gene therapy. In addition
to thermal effects, the concentrated EM fields
around metal nanoparticles also lead to enhanced
optical gradient forces experienced by molecules
within the fields. The enhanced near-field opti-
cal gradient, and applications of the optical gra-
dient force, such as plasmonic tweezers, will be
discussed in the next section.

Applications based on mechanical
effects

Plasmonic tweezers
The ability to capture, trap stably and manipu-
late molecules/biomolecules with nanoscale
precision is highly significant for the analysis
and understanding of biochemistry and biome-
chanics. Some examples include the behavior of
molecular motors and the mechanical unfolding
of globular proteins [35,136]. Among a variety of
techniques (e.g., hydrodynamic, electrostatic,
electrophoresis and acoustic) that are available
for manipulating objects [137.138], optical twee-
zers have become one of the primary tools for
biophysists and have revolutionized the relatively
new field of single-molecule biophysics [35.139,140].
For example, Bustamante and coworkers applied
optical tweezers with controlled rotation to test
the linearity of DNA’s twist elasticity; they also
measured the torsional modulus and character-
ized the torque-induced structural transitions,
establishing a framework for assays of torque and
twist generation by DNA-dependent enzymes
(141]. Block and Guydosh determined the bind-
ing states of kinesin heads to microtubules
with optical tweezers that applied alternating
hindering and assisting loads [142].
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Optical tweezers generally utilize a tightly
focused laser beam to transfer photon momen-
tum to a microparticle/nanoparticle, which
experiences two optical forces: a scattering
force and a gradient force. These forces work
together to trap the particle within the focus
spot of the laser beam. Generally, the particle
remains trapped in the laser focus, even when
the focus is translated, due to the high trap
strength. This enables researchers to control
the particle’s location precisely. However, opti-
cal tweezers that trap objects near the focus of
a laser beam have several drawbacks, including
a trapping volume that is diffraction-limited,
inefficiency in trapping objects of reduced size
and significant Brownian motion of trapped
objects. To trap small molecules and biomol-
ecules, the trap size must be reduced; this
requires further focusing of the trapping laser
light and increasing of the local laser inten-
sity [143]. Metal nanoparticles demonstrate
nanoantenna effects that concentrate light
into extremely small areas, providing a prom-
ising route for trapping and manipulating
biomolecules at reduced laser intensities [34].

®
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Miao et al. have demonstrated that the LSPR-
enhanced scattering force from a self-assembled
gold nanoparticle array can be used to sustain
trapping of single micron-sized particles at low
laser intensities [144]. To achieve better control
of the EM fields for enhanced performance of
the plasmonic tweezers, the strong coupling
between adjacent plasmonic nanostructures
can be exploited. For example, in closely posi-
tioned nanoparticle dimers, capacitive effects
between the nanoparticles lead to an extremely
confined and intense light spot in the gap
region, an ideal location for stable trapping
of small particles and molecules. Grigorenko
et al. reported trapping with coupled pairs
of gold nanodots in a standard optical twee-
zers setup [145]. Ficure 14A & B show the optical
trapping of 200-nm beads near the substrate
without and with nanodot pairs, respectively.
Brownian motion of a 200-nm bead outside
the patterned area is shown in Ficure 14a. The
plot illustrates the position of a bead trapped at
a = 0.7 pm above the glass, measured at differ-
ent times for a fixed location of the optical trap
with a full bandwidth of 10 kHz (green circles).
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Figure 14. Plasmonic tweezers. (A & B) The optical trapping of 200-nm beads near the substrate
without and with nanodot pairs, respectively. Bead position as a function of time at a fixed position,
a = 0.7 um of the beam focus (A) above glass (green circles) and (B) above a nanodot pair (red
circles). Top insets show relevant geometries of the experiment. Scanning electron micrograph of the
substrate is scaled to demonstrate the amplitude of the Brownian motion with respect to the size of
nanodot pair. (C) Schematic illustration of the self-induced back-action-based optical trapping of
nanoscale living biological specimens such as viruses.

(A & B) Reproduced with permission from [145] © 2008 Nature Publishing Group. (C) Reproduced
with permission from [34] © 2011 Nature Publishing Group.
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The half-width of the Gaussian displacement
distribution for a 200-nm bead was 176 nm.
However, when the laser beam was set above
the nanodot pair fabricated on the substrate, the
half-width reduced to 18 nm under exactly the
same conditions (the red circles of Ficure 14B).
Therefore, the optical near-field associated with
the nanodot pair reduced the trapping volume
beyond the diffraction limit and quenched
Brownian motion of the trapped nanoparticles
by almost an order of magnitude compared with
conventional optical tweezers.

Self-induced back-action (SIBA) in a nanoap-
erture in a metallic film provides another inter-
esting concept that can be applied towards nano-
metric optical trapping with reduced heat damage
to the trapped specimen [146]. Demonstrated
by Quidant and coworkers, SIBA dynamically
reconfigures the near-field optical intensity by
using the sensitivity of the aperture transmission
to its dielectric environment [146]. The presence of
an object within the aperture, where the plasmon
mode is confined, modifies the effective refractive
index, resulting in a red-shift in the transmission
peak. As a result, a red-detuned laser makes the
local field enhancement stronger when the object
is trapped in the aperture, and essentially gener-
ates a potential well around the trapped object
(147]. This allows the incident laser intensity to
be reduced to values associated with a potential
depth on the order of the thermal energy. Given
its low intensity requirements, SIBA optical trap-
ping should enable trapping of living nanoscale
biological specimens, such as viruses, to perform
on-chip optical diagnostics (Ficure 14C).

In summary, plasmonic tweezers are essen-
tially a nanoscale version of optical tweezers.
The plasmonically enhanced gradient and scat-
tering forces allow plasmonic tweezers to operate
at low power with reduced optical inference or
damage to biomolecules and cells. In addition,
the 2D nature of surface plasmons facilitates
their integration with microfluidics and other
biomedical platforms for chip-level applications
[20]. Advances in this field have demonstrated
both parallel and single trapping of nanoscale
objects based on various metal nanostructures
(i.e., single nanoparticles, nanoparticle pairs
and nanoholes). Future research efforts will
be directed towards single-molecule trapping
and simultaneous detection or visualization of
trapped molecules.

Conclusion & future perspective

Molecular plasmonics that probe the interac-
tions of molecules and surface plasmons of metal
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nanostructures presents tremendous opportuni-
ties for sensing, imaging, manipulating, deliv-
ering and smoldering biological molecules, and
provides a range of powerful tools for biologi-
cal and medical studies. We have described and
structured the broad range of applications based
on three types of molecule—plasmon interac-
tions: optical, thermal and mechanical. Based on
the LSPR-induced nanoscale confinement and
enhancement of EM fields, metal nanoparticles
can transduce biological events, enhance Raman
scattering and probe at the single-molecule level.
Plasmon-enhanced thermal effects underpin the
development of both direct photothermal thera-
peutic strategies and light-activated drug deliv-
ery/gene switches, which have the capability to
provide revolutionary tools in the many battles
against human disease. Plasmonic tweezers based
on LSPR-enhanced optical forces overcome the
limitations of conventional optical tweezers,
such as the diffraction limit and Brownian
motion, enabling low-energy stable trapping of
biomolecules for quantitative biology.

As an emerging field situated between molec-
ular nanotechnology and plasmonics, molecu-
lar plasmonics has been making extraordinary
progress due to advances in metal nanostructure
design, fabrication and modeling, in addition
to developments in metal nanostructure—mol-
ecule complexes, molecular self-assembly and
surface functionalization. Examples include:
the rational design of metal nanostructures
with extremely high sensitivity to molecular
adsorption and conformation changes for sens-
ing applications; SERS enhancements due to
engineering analyte trapping near EM hotspots;
surface functionalization of metal nanoparticles
that enhance drug loading, targeting and bio-
compatibility for 77 vivo imaging and therapy;
and precise near-field profile control for multi-
dimensional manipulation of molecules, such as
concentration, trapping and rotation.

While new standalone devices will surely
emerge because of the continuous advances in
molecular plasmonics, future trends will likely
move towards highly integrated lab-on-a-chip
systems for low-cost and high-efficiency diagnoses
and therapies with intrinsic efficacy monitoring,
feedback and optimization. Such a system will
benefit from the multifunctionalities of LSPR-
based phenomena, and can potentially integrate
sensing, spectral analysis, molecular manipula-
tion, drug delivery, gene switches and photother-
mal therapy onto the same nanoparticle platform.
This will require strong collaboration between
experts in many different fields such as physics,
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engineering, chemistry, biology and pharmacol-
ogy. Initial developments in this direction include
theranostic nanomedicine, which encompasses
nanoparticles that contain both therapeutic and
diagnostic components. These particles serve as
optical tracers and imaging contrast agents with
their enhanced light scattering and absorption,
photothermal vessels for local heating of cancer
cells, and drugs/gene carriers with the ability to
deliver the agents in a precise temporal manner.
There are a few key areas that need to be evalu-
ated, however, before molecular plasmonic tools
and devices advance into commercial domains:
nanoparticle biocompatibility and toxicity, effec-
tive dosages for theraputics, particle sizes and
surface functionalization for efficient targeting,
and unintentional particle accumulation and
side effects in vivo. Appropriately addressing
each of these aspects will enable molecular plas-
monics to transit from the laboratory domain
to clinical applications. With the initial suc-
cesses and continuous efforts from researchers

in multiple disciplines, we are confident that the
future of molecular plasmonics in biology and
nanomedicine will grow brighter.
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Executive summary

Background

these plasmonic effects.

resolution.

= Optical excitation of localized surface plasmon resonance (LSPR), the light-coupled oscillation of free electrons confined within metal
nanoparticles, results in nanoscale localization and enhancement of electromagnetic fields associated with localized thermal energy
and large electromagnetic forces. Molecular plasmonics concerns understanding and control of interactions between molecules and

= We have summarized and structured three types of molecule—plasmon interactions (i.e., optical, mechanical and thermal), which have
been harnessed for developing tools used in biology and nanomedicine.
Applications based on optical effects

= Nanosensors based on LSPR modulation have made significant progress due to the development of plasmonic structures with high
sensitivity and understanding different molecule—plasmon interaction scenarios.

= Surface-enhanced Raman spectroscopy benefits from the plasmon-induced enhancement of Raman signals from molecules near metal
nanoparticles that can focus excitation light onto the molecules. It is a highly sensitive analytical tool with the unique ability of
identifying molecular structures.

= Plasmonic nanoscopy uses plasmonic effects at nanoscale tips to shrink light into a nanoscale probe for imaging biomaterials at high

Applications based on thermal effects

= Photothermal therapy uses localized heat from metal nanoparticles associated with LSPR to induce apoptosis in tumor cells; thus, it is
regarded as a drug-free process with minimized side effects.

= Smart nanocarriers are developed by harnessing the thermal energy from LSPR to trigger desorption of drug molecules or
dehybridization of biomolecules. They are making progress towards multiplexed, light-controlled drug release.
Applications based on mechanical effects

= Plasmonic tweezers, based on plasmon-enhanced optical forces, trap objects at low power with nanoscale spatial precision, and
researchers are working towards manipulation of molecules.
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