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T he vivid optical properties of noble
metal nanoparticles have been a
topic of fascination, as well as the

subject of intensive physical and chemical
research, for the past hundred years. The
beautiful red color of gold colloid has been
known since the Middle Ages, when this
“ruby glass” was originally used to provide
the intense red of stained glass windows. In
the latter part of the nineteenth century,
Michael Faraday investigated the optical
properties of gold colloid qualitatively.1 His
observations were later quantified by Gus-
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tav Mie using classical electromagnetic the-
ory, during development of the scattering
theory that bears his name.2 Mie’s calcula-
tions were in agreement with the optical
properties of gold as understood at the
time. As further studies proceeded and bet-
ter data on the dielectric properties of gold
were obtained, the quantitative—even pre-
dictive—ability of classical electromagnet-
ic theory to describe the optical response
of gold colloid has become a cornerstone
of our understanding of the optical prop-
erties of small metallic particles.

The intense optical absorption of met-
al colloid is derived from the collective
electronic, or plasmon, resonance of the
bulk metal, as modified by the boundary
conditions imposed by the nanoparticle
geometry. In other words, the collective
electronic resonance frequency in metal
nanoparticles is dependent not only on the
type of metal, but also on its shape. For ex-
ample, the plasmon resonance frequency
of a metallic nanoparticle is � = 3 –1/2 �p,
where �p is the plasmon frequency of the
bulk metal; for a thin film the plasmon 
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Metal nanoshells are a new addition to a growing “toolbox” of sub-
wavelength optical components, such as quantum dots,other metal
nanostructures such as nanorods or nanospheres,colloid-based pho-
tonic crystals, and polymer nanostructures.The author describes
the use of nanoshells to inhibit photo-oxidation in conducting poly-
mers, and the development of a nanoshell-hydrogel composite with
a dramatic optomechanical response with applications in laser-con-
trolled drug delivery.
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cation of gold and silver nanoshells. This
was, in part, due to the lack of robust
chemical strategies for depositing thin ho-
mogeneous layers of metals onto the sur-
faces of dielectric nanoparticles. A solu-
tion-phase “one-pot” synthesis of dielec-
tric core-metal shell nanoparticles was
shown to occur when gold acid was re-
duced in the presence of hydrogen sul-
fide.7 This resulted in the spontaneous for-
mation of a gold sulfide-gold core-shell
nanoparticle whose resonant absorption
could be varied systematically only over
approximately 300 nm in wavelength.8 In
the past several years, advances in the
chemistry of molecular self-assembled
monolayers and chemical modification of
both dielectric and metal colloid surfaces
have provided the essential elements that
led to a strategy for planar fabrication on
nanoparticle surfaces.9, 10 The basic fabri-
cation strategy for metal nanoshells pro-
ceeds as shown in Fig. 2.11 First, the
nanoparticles are chemically modified so
that gold colloid will readily attach to their
surfaces. Then, the nanoparticles are coat-
ed with extremely small gold colloid,
which typically binds to the nanoparticle
surface with a coverage of approximately
25%. This “dressed” nanoparticle is then
immersed in an electroless plating solu-
tion in which the total amount of metal to
be plated corresponds to the desired thick-
ness of gold on the nanoparticle surface
and the total surface area of the nanoparti-
cles. With this approach, the minimal met-

al thickness achievable is approximately 
5 nm. The close, predictive correspon-
dence between Mie scattering theory and
nanoparticle core and shell layer thick-
nesses allows us to design or “nanoengi-
neer” the optical response quite accurately.
This strategy for planar fabrication on a
nanoparticle surface has recently been
modified to fabricate silica core-Ag shells,
which also show quantitative agreement
between their core and shell dimensions
and Mie scattering theory.12

With nanoshells as with all optical ma-
terials, one issue of importance is thermal
stability. Melting temperatures depressed
significantly below the bulk melting point
of the corresponding metal are character-
istic of nanoscale metallic structures. Since
the metal layer will seek to minimize its
free energy and segregate into a solid met-
al nanoparticle at elevated temperatures, a
depressed melting temperature will be ac-
companied by a drastic change in
nanoshell morphology, and thus in
nanoshell spectral response. To counteract
this temperature sensitivity and essentially
stabilize the nanoparticle with respect to
intense heating, either by thermal or opti-
cal sources, we have grown silica encapsu-
lation layers around nanoshells.13 It was
found that addition of a silica encapsula-
tion layer of 60-70 nm raises the effective
melting temperature (the temperature of
observable structural and optical defor-
mation) from 325º C to greater than 
600° C.
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Figure 1. Calculated optical resonances of silica core, gold shell nanoshells over a range of core 
radius/shell thickness ratios.

frequency is � = 2 –1/2�p scaled relative to
the bulk plasmon resonance. This scaling
behavior suggests that modifying the
shape of a metal nanostructure to some-
thing other than a solid sphere would al-
low us to also modify its optical response,
and perhaps manipulate that response
through systematic modifications of the
nanoparticle structure.

One nanoscale geometry that has
proved particularly amenable to fabrica-
tion and structural manipulation of its op-
tical response is that of a spherical, dielec-
tric core, surrounded by a thin, uniform,
metallic shell. The plasmon resonance of
this structure, which we call a metal
nanoshell, is determined by the relative
size of the core and shell. The original
properties of metal nanoshells were pre-
dicted by Aden and Kerker in 1951,3 and
further theoretical considerations were de-
tailed by Neeves and Birnboim in 1989.4

The changes in the optical spectrum
due to the tunable plasmon resonance of a
silica core, gold shell nanoshell are shown
in Fig. 1. As the shell thickness is varied on
a dielectric core of constant size, the opti-
cal absorption is shown to shift quite sen-
sitively as a function of shell thickness: as
the shell thickness decreases, the optical
absorption is shifted to longer wave-
lengths. It is theoretically possible to shift
the resonant absorption to beyond 10 �m
in the infrared: in our laboratory, we have
achieved shifts to 3 �m in the infrared.5

Incremental refinements in the fabrication
process should allow extension of the res-
onance further into the infrared. Keeping
the core/shell size ratio constant but vary-
ing the absolute size of the particle deter-
mines whether the particle resonance will
absorb light (in the small particle—or di-
pole—limit) or scatter it (as the particle
size is increased). The absorption/scatter-
ing cross section is typically five times the
physical cross section of the particle, re-
sulting in an intense interaction with the
incident light. In addition, as the particle
size is increased beyond the dipole limit,
spectrally distinct multipole plasmon res-
onances appear in the extinction spectrum
of the particle.6 Each multipole extinction
spectrum possesses a unique scattering
signature with the characteristic symme-
try of that specific excitation mode.

There was a long development gap be-
tween the original theoretical predictions
of Aden and Kerker and Neeves and Birn-
boim, and the successful controlled fabri-



panel displays, solar cells, lasers, and tran-
sistors24,25 have been made. A critical
drawback to the commercialization of
these types of devices is the rapid rate of
photo-oxidation of the semiconducting
polymer material itself, which in all cases
degrades device performance and limits
device lifetime.26,27 Encapsulation tech-
niques are used to inhibit photo-oxidation
in polymer device prototypes, but typical-
ly involve brittle materials which are in-
compatible with the fabrication of poly-
mer devices on flexible substrates.

The pathology of photo-oxidative de-
vice degradation in these materials is well
understood.26-31 Light emission in semi-
conducting polymers occurs by radiative
recombination of the singlet exciton. In
the case in which intersystem crossing oc-
curs and a triplet exciton is formed, it can
de-excite nonradiatively through energy
transfer and formation of singlet oxygen.
This highly reactive species chemically
modifies the polymer chains, producing
trap states that quench the light-emission
pathway in the polymer.28, 32 The introduc-
tion into the polymer material of a triplet
quencher that does not interfere with the
luminescent properties of the polymer
should prove valuable in limiting the pho-
to-oxidative degradation of the conduct-
ing polymer material or device.

Energetically, the plasmon-resonant
behavior of gold nanoshells can be con-
sidered as a two-level system with an ex-
tremely short excited state lifetime. Since
we can selectively tune the nanoshell res-
onance to any desired wavelength within
a fairly broad spectral range, it is possible
to tune the nanoshell resonance to coin-
cide nominally with the triplet exciton
energy in a conducting polymer: for tech-
nologically relevant polymers such as

wide variety of biomedical applications.
Perhaps one of the most straightforward
approaches for exploiting nanoshell prop-
erties in applications is the development of
new functional materials in which the op-
tical response of nanoshells embedded in a
host matrix modifies the properties of the
host in unique ways. In the rest of this arti-
cle, we describe two such applications: the
use of nanoshells to inhibit photo-oxida-
tion in conducting polymers,18 and the de-
velopment of a nanoshell-hydrogel com-
posite with a dramatic optomechanical re-
sponse19 with applications in laser-con-
trolled drug delivery.20

Semiconducting polymers 
The use of semiconducting polymer thin
films as the active materials in optoelec-
tronic devices has drawn increasing tech-
nological interest over the past decade.
Major advances toward the development
of such polymer-based devices as light-
emitting diodes,21,22 photodiodes,23 flat-

The confluence of inert gold chemistry
and a nanostructure-controlled,“tunable”
infrared response opens the door to a vari-
ety of applications. These range from fun-
damental light scattering6 and nano-op-
tics14 studies to studies of the nonlinear
optical response of nanoshells, including
studies of their photo-induced transmis-
sion and absorption using time-resolved
optical methods.15, 16 Since precise control
of the core and shell dimensions controls
the electromagnetic far-field response of
the nanostructure, it follows that the near-
field response is also controlled: this pres-
ents the opportunity to design sensing
substrates based on surface-enhanced Ra-
man scattering, an effect that can be con-
trolled and optimized for specific pump-
laser wavelengths using this nanostructure
geometry.17 Nanoshell optical resonances
can be easily tuned across the near in-
frared “water window,” the region of high-
est physiological transmissivity: this prop-
erty makes these nanoparticles ideal for a
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Figure 2. Schematic of nanoshell fabrication method, in which a nanoscale metallic overlayer is grown on top of a silica nanoparticle core.

Figure 3. Scanning electron microscopy images of silica core, gold shell nanoshells that have been
heated to 325°C; [(a) uncoated; (b) with a 5-nm silica overlayer; (c) with a 50-nm silica overlayer].The
gold appears bright and the dielectric appears dark.This clearly shows how the silica encapsulation
layer preserves the nanostructure geometry at temperatures that would be destructive to the pris-
tine nanoshell.
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poly[2-methoxy-5-(2�-ethylhexyloxy) 1,
4-phen-ylenevinylene] (MEH-PPV) or
poly(3-octylthiophene) (P3OT), the
triplet exciton energies are in the near in-
frared, at wavelengths in the 900-1000
nm range, a range easily accessible with
current gold nanoshell fabrication capa-
bilities.

By incorporating triplet-exciton reso-
nant nanoshells into a conducting poly-
mer, significant reductions in the rate of
photo-oxidative degradation of the poly-
mer-nanoshell composite are observed
upon exposure to oxygen, with no reduc-
tion in the photoluminescence of the
composite relative to the pristine polymer.
Systematic increases in nanoshell concen-
tration in the composite films correspond
to a decrease in the photo-oxidation rate,
an effect that saturates at nanoparticle
concentrations in the 1011 cm–3 range. The
rate of photo-oxidation can be slowed ten-
fold in P3OT and by fivefold in MEH-PPV
by the incorporation of nanoshells into
the material. This work was performed in
collaboration with T. Randall Lee and
Olga Shmakova of the University of Hous-
ton, and Gregory Hale and Joseph Jackson
from our research group.

Optically triggered collapse of 
a nanoshell-hydrogel composite
Nanoshells have also been embedded in
thermally responsive polymers, which cre-
ates a composite capable of extremely
large, reversible, photothermally driven
volume changes at optical wavelengths de-
termined by the nanoshell resonance cho-
sen. In collaboration with Jennifer West
and Scott Sershen of the Bioengineering
Department at Rice University and post-
doc Sarah Westcott in my research group,
we have developed a novel hydrogel-based
material with a dramatic optically driven
collapse mediated by nanoshell dopants in
the hydrogel matrix.

Specifically, the temperature sen-
sitive monomer N-isopropylacrylamide
(NIPAAm) can be polymerized and cross-
linked to form hydrogels. At temperatures
below their lowest critical solution tem-
perature (LCST) of 32° C, these hydrogels
absorb water. When heated above their
LCST, the hydrogels expel water and col-
lapse to 10% of their weight when swollen.
When NIPAAm is copolymerized with
acrylamide, its LCST can be increased in
temperature, depending on the amount of
acrylamide added.33 At 5% acrylamide, the

copolymer NIPAAm-co-AAm has an
LCST of 40°, making it a highly attractive
functional material for drug delivery ap-
plications.33, 34

Undoped NIPAAm-co-AAm hydrogels
do not appreciably absorb visible or in-
frared light. However, when gold
nanoshells with an optical absorption res-
onance which has been tuned to a specific
laser wavelength are incorporated into the
hydrogel, they absorb light quite strongly
when illuminated. The addition of
nanoshells to the hydrogel does not affect
the thermally sensitive properties of the
hydrogel: the lowest critical solution tem-
perature is unchanged by the addition of
nanoshell dopants. Since the optical exci-
tation of nanoshells is nonradiative, the
energy they absorb dissipates photother-
mally into their immediate surroundings,
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Figure 4. Normalized photoluminescence decay of optically excited MEH-PPV and P3OT films un-
der exposure to oxygen (ambient). Pristine polymer films and polymer-nanoshell composites of
varying concentrations are shown.
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Figure 5.NIPAAm-co-AAm-nanoshell com-
posite hydrogels in the swollen and col-
lapsed states.



effectively heating the local environment.
In the case of the nanoshell-hydrogel com-
posite, optical excitation at the nanoshell
resonance induces a dramatic, reversible,
and repeatable collapse of the composite
material.

Nanoshell-hydrogel composites were
fabricated with an LCST temperature of
40°, incorporating nanoshells that were
fabricated with a resonance maximum
corresponding closely to a diode-laser op-
erating wavelength of 832 nm. The
nanoshell concentration in the samples
used was 4 x 109 nanoparticles/ml. A laser
power of 1.8 W/cm2 was used, with a spot
size to match the cross-sectional area of
the hydrogel samples, which were 0.8 cm
diameter disks. Collapse of the gels oc-
curred over a timescale of minutes, and af-
ter nominally 40 minutes the gel had col-
lapsed to its minimum volume. After illu-
mination was interrupted, the gel imme-
diately began to swell to its original size.
More than five repetitive cycles of swelling
and deswelling were performed. This opti-
cally controllable collapse is highly attrac-
tive for applications in fields such as mi-
crofluidics and drug delivery.

Conclusion
Metal nanoshells, as an example of a
nanostructure with a tunable plasmon res-
onance, are a new addition to a growing
“toolbox” of subwavelength optical com-
ponents, such as quantum dots, other
metal nanostructures such as nanorods or
nanospheres, colloid-based photonic crys-
tals, and polymer nanostructures. The in-
ert gold chemistry of nanoshells and their
structural tunability across the near in-
frared spectral region makes them ideal
for incorporation into simple or complex
systems that may be used in a broad range
of biomedical contexts. We anticipate that
these properties will lead to a variety of
new and unusual materials, sensors, and
other devices that will be compatible with
insertion into biological systems.
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Figure 6. Deswelling ratio of NIPAAm-co-AAm-nanoshell composite hydrogels under laser illumi-
nation (shaded red) and recovery under no illumination, by a diode laser at 832 nm, at 2.6 Wcm–2.
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