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NONCONCENTRIC NANOSHELLS WITH 
OFFSET CORE IN RELATION TO SHELL 

AND METHOD OF USING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to U.S. Provisional 
Application Ser. No. 60/805,442 filed Jun. 21, 2006 and 
entitled "Nonconcentric Nanoshells (Nanoeggs) and Their 10 

Applications as Substrates for Surface Enhanced Raman 
Scattering" which is incorporated by reference. 

2 
of transitions which result in a limited number of optical 
features. One method to increase the utility of these materials 
would be to increase the number of optical features associated 
with the nanoparticles. Thus it would be desirable to develop 
metallic nanostructures having enhanced optical properties. 

SUMMARY OF THE INVENTION 

Disclosed herein is a nanoparticle comprising a shell sur
rounding a core material with a lower conductivity than the 
shell material, wherein the core center is offset in relation to 
the shell center. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Also disclosed herein is a method comprising providing a 
nanoparticle comprising a nonconductive core and a conduc-

15 tive shell, and asymmetrically depositing additional conduc
tive material on the conductive shell. 

This invention was made with government support, or in 
part, under grant number W911NF-04-1-0203 awarded by 
the U.S. Armor Research Laboratory and U.S. Amly 
Research Office, grant numbers EEC-0304097 and 20 

ECS-0421108 awarded by the National Science Foundation, 
and grant numbers C-1220 and C-1222 awarded by the Rob-
ert A. Welch Foundation. The Government has certain rights 
in the invention. 

25 

BACKGROUND 

Further disclosed herein is a method comprising providing 
a concentric nanoshell having a core and a shell, immobiliz
ing the concentric nanoshell onto a support, and asymmetri
cally depositing a conductive material onto the shell to pro
duce a nanoegg. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a representation of a nanoparticle having a 
concentric core and shell layer. 

FIG. lB is a representation of a nanoparticle having a 
nonconcentric core and shell layer. 

FIG. 2A is depiction of nanoparticles having concentric 
30 and nonconcentric core and shell layers and their resulting 

plasmon modes. 

The optical properties of metallic nanostructures are a 
topic of considerable scientific and technological importance. 
The optical properties of a metallic nanoparticle are deter
mined by its plasmon resonances, which are strongly depen
dent on particle geometry. The structural tunability of plas
mon resonances has been one of the reasons for the growing 
interest in a rapidly expanding array of nanoparticle geom
etries, such as nanorods, nanorings, nanocubes, triangular 
nanoprisms, nanoshells, and branched nanocrystals. The 
resonant excitation of plasmons can lead to large local 
enhancements of the incident electromagnetic field at the 
nanoparticle surface, resulting in dramatically large enhance
ments of the cross section for nonlinear optical spec- 40 

troscopies such as surface-enhanced Raman scattering. The 
structural dependence of both the local-field and far-field 
optical properties of nanoparticles across the visible and near
infrared (NIR) spectral regions has enabled their use in a wide 
range of biomedical applications, an area of increasing 45 

importance and societal impact. 

FIG. 2B is a depiction of the surface plasmon modes of 
nanoparticles having concentric and nonconcentric core and 
shell layers and the absorption spectrum of a nanoparticle 

35 having a nonconcentric (offset) core and shell layer as a 
function of the offset. 

Metallic nanoshells, composed of a spherical dielectric 
core surrounded by a concentric metal shell, support plasmon 
resonances whose energies are determined sensitively by 
inner core and outer shell dimensions. This geometric depen- 50 

dence arises from the hybridization between cavity plasmons 
supported by the inner surface of the shell and the sphere 
plasmons of the outer surface. This interaction results in the 
formation of two hybridized plasmons, a low-energy sym
metric or "bonding" plasmon and a high-energy antisymmet- 55 

ric or "antibonding" plasmon mode. The bonding plasmon 
interacts strongly with an incident optical field, whereas the 
antibonding plasmon mode interacts only weakly with the 
incident light and can be further damped by the interband 
transitions in the metal. For a spherically symmetric 60 

nanoshell, where the center of the inner shell surface is coin
cident with the center of the outer shell surface, plasmon 
hybridization only occurs between cavity and sphere plasmon 
states of the same angular momentum, denoted by multipolar 
index I (!11=0). In the dipole, or electrostatic limit, only the 1=1 65 

dipolar bonding plasmon is excited by an incident optical 
plane wave. These selection rules allow for a limited number 

FIG. 2C depicts calculated electric field enhancements for 
a nonconcentric nanoparticle. 

FIG. 3A is a schematic of an electro less plating technique 
for the fabrication of a nonconcentric nanoparticle. 

FIG. 3B is a transmission electron micrograph of nanopar
ticles having concentric core and shell layers. 

FIG. 3C is a transmission electron micrograph of nanopar
ticles having nonconcentric core and shell layers. 

FIG. 3D is a plot of the extinction spectra of the oriented 
nanoeggs of Example 1 as a function of core offset. 

FIG. 3E are finite difference time domain calculated 
extinction spectra for the nanoeggs ofExample 1 as a function 
of core offset. 

FIG. 4 is a plot of the extinction spectra of an individual 
nanoegg as a function of core offset. 

DETAILED DESCRIPTION 

Disclosed herein are nanoparticles comprising a dielectric 
core and a conducting shell. Each of these will be described in 
more detail later herein. In some embodiments, the core com
prises silicon dioxide and the shell comprises at least one 
metal. In an embodiment, these nanoparticles have the core 
center displaced in relation to the shell center. Nanoparticles 
having this displaced or offset core center in relation to the 
shell center are hereinafter termed nanoeggs. In an embodi
ment, a method of preparing a nanoegg comprises the asym
metric deposition of a metal or metal-like material onto a 
precursor nanoparticle having a concentric core and shell 
layer; such precursor nanoparticles may be referred to as 
nanoshells. Nanoeggs of the type described herein may dis-
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play enhanced optical properties (e.g., an enhanced surface 
enhanced Raman scattering (SERS) spectral response) when 
compared to similar materials having a concentric core and 
shell. 

The precursor nanoparticles, also referred to as nanoshells, 

4 
A method of preparing a nanoegg may initiate with the 

immobilizing or affixing of a precursor nanoparticle (e.g., 
nanoshell) on a support material or substrate. The support 
material may be any material compatible with the compo
nents of the process. In some embodiments, the support mate
rial may comprise inorganic oxides such as oxides of alumi
num or silicon which are functionalized using a surface 
modifier such as for example and without limitation poly( 4-
vinylpyridine ). The immobilized nanoshells may form a dis-

10 persed submonolayer on the support material. 

of this disclosure may comprise at least two layers. At least 
one layer is immediately adjacent to and surrounds another 
layer. The innermost layer is termed the core. The layer that 
surrounds the core is termed the shell layer. The shell layer 
may be metallic in nature in that it is comprised of a material 
that is electrically conductive such as for example a metal or 
metal-like material. In some embodiments, at least one shell 
layer readily conducts electricity; alternatively at least one 
shell layer has a lower dielectric constant than the adjacent 

15 
inner or core layer. In some embodiments, this metal or metal
like shell layer is the outermost layer. In other embodiments, 
the shell layer immediately adjacent to the core is not the 
outer most shell layer. Additional layers, such as a non-con
ducting layer, a conducting layer, or a sequence of such lay- 20 

ers, such as an alternating sequence of non-conducting and 
conducting layers, may be bound to this shell layer. Thus, for 
the purposes of this disclosure the term conductor is defined 

In an embodiment, the method further comprises the depo
sition of conductive material onto the immobilized nanoshell. 
In an embodiment, the conductive material deposited onto the 
immobilized nanoshell is the same as the material used to 
form the shell layer of the nanoshell. In other embodiments, 
the conductive material deposited onto the immobilized 
nanoshell is different from the material used to form the shell 
layer of the nanoshell. The deposition of the conductive mate
rial may be carried out using any technique or methodology 
for the deposition of a conductive material onto the surface of 
a nanoshell and compatible with the components of the 

by reference to the adjacent inner layer and includes any 
material having a lower dielectric constant than its immedi- 25 

ately adjacent inner layer. 

nanoshell. Alternatively, the deposition of the conductive 
material may be carried out by reductive precipitation of a 
precursor to the conductive material. 

In a reductive precipitation embodiment, a metal salt com
prising a conductive metal is contacted with the immobilized 
nanoshells. For example, the immobilized nanoshells may be 
immersed in a conductive metal salt solution (e.g., a solution 
ofHAuCI4 ). Examples of suitable metal salt solutions include 
without limitation AgN03 , Cu(N03 ) 2 , CuS04 , and 
Ni(N03 ) 2 . A reducing agent may be added to the metal salt 

In an embodiment, the adjacent inner or core layer to the 
shell layer is a non-conducting layer. Specifically contem
plated are non-conducting layers made of dielectric materials 
and semiconductors. Suitable dielectric materials include but 30 

are not limited to silicon dioxide, titanium dioxide, polym
ethyl methacrylate (PMMA), polystyrene, gold sulfide and 
macromolecules such as dendrimers. 

In an embodiment, the nanoshell comprises a nonconduct
ing core layer which may be a monodisperse, spherical par
ticle that is easily synthesized in a wide range of sizes, and has 

solution to reduce the metal salt. Any reducing agent compat
ible with the reaction components and able to cause the reduc
tive precipitation of the metal may be employed. The choice 

35 of reducing agent will depend on the nature of metal salt 
solution employed and as such may be chosen by one of 
ordinary skill in the art to meet the needs of the process. For 
example, when the metal salt solution comprises HAuCI4 the 

a surface that can be chemically derivatized. In some embodi
ments, the core is spherical in shape; alternatively the core 
may have other shapes such as cubical, cylindrical, ellipsoi
dal, or hemispherical. Regardless of the geometry of the core, 40 

the particles may be homogenous in size and shape. In an 
embodiment, the nonconducting layer or core material com
prises monodisperse colloidal silica. 

reducing agent may comprise formaldehyde. 
In other embodiments, the nanoegg may be subjected to a 

plurality of affixing/immobilizing and/or deposition steps. 
For example, a precursor nanoparticle (e.g., nanoshell) may 
be affixed or immobilized on a support material or substrate, 
additional conductive material may be deposited onto the In an embodiment, the nanoegg comprises a conducting 

shell layer comprising a metallic material. Alternatively, the 
conducting layer comprises an organic conducting material 
such as polyacetylene, doped polyaniline and the like. Any 
metal that can conduct electricity may be suitable for use in 
this disclosure such as noble or coinage metals. Other 
examples of suitable metals include but are not limited to 
gold, silver, copper, platinum, palladium, lead, iron or the like 
and combinations thereof. Alternatively, the conducting layer 
comprises gold, silver or combinations thereof. Alloys or 
non-homogenous mixtures of such metals may also be used. 
The conducting shell layers may have a thickness that ranges 
from approximately 1 to 100 nm. The thickness of the shell 
layer may be engineered to generate a plasmon resonance 
frequency. The shell layer may coat the adjacent inner layer 
fully and nniformly or may partially coat that layer with 
atomic or molecular clusters. In either embodiment, at least 
approximately 30% of the adjacent inner layer is coated by 
the conducting layer. Such nanoshells comprising a non
conductive inner core and an electrically conductive outer 
shell and methods of engineering said particles such that they 
generate a plasmon resonance frequency are described in 
U.S. Pat. Nos. 6,344,272; 6,699,724; and 7,147,687, each of 
which is incorporated by reference herein in its entirety. 

45 immobilized nanoshell to form a nanoegg, the nanoegg may 
optionally be mobilized and/or removed from the support 
material, the nanoegg may be reaffixedlre-immobilized on 
the same or different support material, and the same or a 
different conductive material may be deposited on the reaf-

50 fixed nanoegg. Such affixing and depositing steps may be 
repeated any number of time using the same or different 
conducting materials from successive iterations. Further
more, the depositing step may be carried out multiple times 
following the initial fixation of the nanoshell to the support or 

55 may be carried out a nanoegg that was previously removed 
from a support material. For example, in an embodiment, a 
nanoegg may be subjected to at least one additional contact
ing with a metal salt and reducing agent to allow for the 
deposition of additional metal onto the nanoegg. These addi-

60 tiona! contacting or deposition steps may be carried out using 
an immobilized nanoegg, alternatively the nanoegg may not 
be immobilized. In an embodiment, additional contacting or 
deposition steps may employ a conductive material that is the 
same as the conductive material initially deposited onto the 

65 nanoshell. Other embodiments may employ a conductive 
material that is different from the conductive material initially 
deposited onto the nanoshell. In some embodiments, the 



US 8,178,202 B2 
5 

nanoegg may be further processed such as by rinsing and 
drying before being employed in a user-desired application. 

Variations in the deposition conditions (e.g., the number, 
time, and location that additional material is deposited on the 
nanoshell, for example via contact with the metal solution and 
reducing agent) may result in variations in the amount and 
position of conductive material deposited. Following deposi
tion of the conductive material on the immobilized nanoshell, 
the resultant nanoparticle having this nonconcentric core and 
shell layer is referred to as a nanoegg. Without wishing to be 10 

limited by theory, immobilizing the nanoshell on a support 
material prior to depositing additional conductive material on 
the nanoshell shields a portion of the nanoshell adjacent the 
support material, thereby limiting the amount of additional 
conductive material that is deposited on the shielded side and 15 

producing an asymmetric shell layer. 
In an embodiment, a nanoegg prepared as described herein 

has an outer shell layer with a center that is displaced or offset 
with respect to the core enter. This is illustrated in FIG. lA 
which depicts a nanoshell, having a concentric core and shell 20 

layer denoted X, while FIG. lB depicts a nanoegg having a 
shell layer center Z that is offset with respect to the core layer 

6 
sian of the spherically symmetric nanoshell geometry in FIG. 
2a. The conduction electron density in the shell is assumed to 
be uniform n0 corresponding to a bulk plasmon frequency 

[1] 

For simplicity, in FIG. 2a, we assume a vacuum core and 
neglect the polarizability of the positive background of the 
metal. The deformation field can be expressed as a gradient of 
a scalar potentiall], which takes the form: 

ry(rc, flc, rs, fls) = [2] 

where (r0 Qc) are spherical coordinates centered in the cav
ity, and (rs, Qs) are spherical coordinates with an origin at the 
center of the spherical outer shell. The quantities ofC1m and 

Y. The difference between Y and Z or the amount of the center 
offset is denotedD, which may also be referred to as the offset 
distance. Herein the center of the nanoparticle refers to the 
center of mass. The average diameter of an object, such as 
nanoegg, having a surface defining the extent of the object is 
defined herein as the angular average of the distance between 
opposing regions of the surface through a fixed point located 
interior to the object. For an object embedded in three dim en
sions, described for example by a radial coordinate system 
centered at the fixed point, the average is over both the radial 
angle, 8 and the azimuthal angle, <jl. This is described in U.S. 
Pat. No. 7,144,622 which is incorporated by reference herein 
in its entirety. The center of the core and shell layers may be 
determined using any methodology or technique known to 
one of ordinary skill in the art for ascertaining the center of the 
core and shell layers. For example, the center of the core and 
shell layers may be determined by Transmission Electron 
Microscopy (TEM). 

25 S1m are the amplitudes of the primitive cavity and sphere 
plasmons, respectively. For finite offset D, the spherical har
monics centered on the two different origins are no longer 
orthogonal for different I, resulting in interactions between 
the cavity and sphere modes in a mauner analogous to the 

30 coupling between the individual nanoparticle plasmons of a 
nanoparticle dimer or in periodic structures of metallic nano
particles in close proximity. As in the case of nanoparticle 
dimers, the azimuthal index m remains conserved. 

The Lagrangian for this system can be constructed directly 
35 from 11· The structure of the resulting eigenvalue problem is 

illustrated in FIG. 2a. The cavity plasmons have energies 

40 

In an embodiment D is from about 1 to about 30 nm, 
alternatively from about 10 to about 30, alternatively from 
about 20 to about 30. The value of D will depend on the 
amount of conductive material (e.g., metal) deposited onto 
the surface of the nanoshell which in turn depends on a variety 45 

of factors including for example the length of reaction time. 
Such factors may be varied by one of ordinary skill in the art 
to adjust the value of D. 

In an embodiment, offsetting of the core and shell centers 
result in a reduced symmetry that may provide enhanced 50 

optical properties attributable to alterations in the selection 
rules for the optical properties of these structures. Without 
wishing to be limited by theory, the plasmon hybridization 
method can be used to describe the plasmonic properties of 
the nanoshell structure under reduced symmetry. The conduc- 55 

tion electrons are considered to be a charged, incompressible 
liquid of uniform density on top of a rigid, positive charge 
representing the ion cores. The ion cores are treated within the 
jellium approximation, so the positive background charge is 
assumed to be uniformly distributed within the particle's 60 

boundaries. Plasmon modes are self-sustained deformations 
of the electron liquid. Because the liquid is incompressible, 
the only electromagnetic effect associated with such defor
mations is the appearance of surface charges. 

(l-;1 
WC,t = WB --v '2T+1'" , 

[3] 

and the sphere plasmons have energies 

[4] 

FIG. 2A Left shows the resulting plasmon modes for a 
spherically symmetric nanoshell. The interaction is diagonal 
in multipolar index lm, where both bonding and antibonding 
nanoshell plasmon modes are formed for each lm. The plas
mon energies depend on multipolar index I but not on the 
azimuthal index m, which labels the 2 1+1 possible orienta
tions of the plasmon modes. For finite offset D (FIG. 2A 
Right), an interaction exists between all cavity and sphere 
modes of the same m. This interaction leads to stronger 
hybridization and an admixture of all primitive cavity and 
sphere plasmons in the plasmon modes of the reduced-sym
metry nanostructure. For simplicity, we will refer to these 
reduced symmetry nanoparticle plasmon modes by multipo
lar index I, corresponding to the spherical or zero offset case, 
although for finite offset the plasmon modes contain an 

A nanoegg with a dielectric core of radius a displaced a 
distanceD from the center of an outer shell of radius b can be 
denoted (a, b, D) and is schematically illustrated as an exten-

65 admixture of plasmons of alii for a given m. For the nanoegg, 
the coupling of the cavity and sphere plasmons depends on 
azimuthal m, but the resulting plasmon energy spectrum is 
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only weakly dependent on orientation. In FIG. 2B Left and 
Center, the shifts in the plasmon modes deriving from the 
nanoshelll=1-5 bonding and anti bonding plasmon modes as 
a function of increasing offset D, for the two orthogonal 
polarizations of incident light excitation are shown. The fig
ure shows a strong redshift of the bonding and blueshift of the 
antibonding plasmon modes with increasing D. Also 
observed are the plasmon modes for the two principal polar
ization axes evolve with increasing offset in an extremely 
similar fashion. In FIG. 2B Left, is plotted the plasmon reso- 10 

nances obtained by a peak extraction from the extinction 
spectra calculated by using the finite difference time domain 
(FDTD) method. The FDTD method is a powerful numerical 
approach that has recently been shown to be highly useful in 

15 
the study of the electromagnetic properties of metallic nano
structures of almost arbitrary complexity. The FDTD simu
lations show geometry-dependent plasmon energy shifts, 
which are in good agreement with the conceptually simpler 
and more intuitive picture provided by the plasmon hybrid- 20 

ization approach. In FIG. 2B Right, are shown the theoretical 
optical absorption spectra for various offset values D for an 
incident polarization direction corresponding to FIG. 2B Lett. 
As D increases, the 1=1 mode is redshifted, and the higher I 
modes, now dipole active, contribute additional peaks to the 25 

spectrum, increasing in complexity with increasing D. In 
FIG. 2C, is shown the electric field enhancements calculated 
using the FDTD method for nanoeggs with a silica core with 
the metallic shell modeled using the empirically obtained 
dielectric function for Au. The calculation shows very large 30 

field intensity enhancements, of magnitudes comparable with 
those attainable in nanoparticle dimer junctions and fabri
cated bowtie nanoanteunas. However, in contrast to those 
geometries, here the region of maximum field enhancement is 
located on the open, exterior surface of an individual nano- 35 

structure and not within a narrow confined gap or junction. 

8 
centric nanoshells. These additional optical features may 
allow for greater flexibility in the utilization of the nanoeggs 
as sensor devices. 

In an embodiment, an adsorbate may be associated with 
any of the nanoparticles described in this disclosure. It is to be 
understood that the term adsorbate is not meant to limit the 
materials that associate with the nanoparticles to those that 
may be adsorbed onto the nanoparticle. It is contemplated that 
the materials may be associated with the nanoparticle through 
any number and type of interactions (e.g., electrostatic, 
chemical). The optical properties of the adsorbate may be 
enhanced by association with the nanoparticle. For example, 
association of an adsorbate with a nanoparticle may result in 
interactions between the plasmon resonance of the nanopar
ticle and the absorption features of the adsorbate that gener
ates or modifies a surface enhanced Raman scattering (SERS) 
spectral response of the adsorbate. In an embodiment, a 
nanoegg having an adsorbate associated with the surface of 
the particle may lead to an enhanced SERS response when 
compared to an otherwise identical adsorbate associated with 
a nanoshell. In some embodiments, the SERS enhancement 
of an adsorbate associated with a nanoegg may range from 
greater than about 107 to about 1010

, alternatively from 108 to 
about 1010

, alternatively from 109 to about 1010
. Without 

wishing to be limited by theory, the asymmetric placement of 
the core inside the shell of the nanoegg results in larger 
electromagnetic field enhancements on the surface of the 
nanoparticle than are achievable with a symmetric nanostruc
ture. This is attributable to relaxation of selection rules that 
has been described previously herein and in U.S. patent appli
cation Ser. No. 11/762,430 entitled "An All Optical Nanos
cale Sensor" filed Jun. 13, 2007 and incorporated by refer
ence herein in its entirety. 

The plasmon resonant frequency of the nanoeggs of this 
disclosure can be engineered to provide structures having 
enhanced optical properties when compared to their sym
metrical counterparts. The tunable plasmon frequency allows 
one skilled in the art to design nanoeggs plasmon resonances 
that individually have enhanced optical properties and may 

The offsetting of the core and shell layers may result in the 
nanoegg having an electromagnetic field strength that is 
altered in both the near-field and far-field regions for a given 
frequency. 40 provide enhancements in the SERS spectral properties of an 

adsorbate associated with the nanoegg. In an embodiment, the nanoeggs of this disclosure display 
enhanced local field optical properties in the visible and NIR. 
Specifically, the optical spectrum of the nanoegg in the visible 
and NIR may be broadened and comprise additional peaks 
adjacent to the original dipolar plasmon resonance. In an 45 

embodiment, the local field enhancements on the surface of a 
nanoegg may be increased relative to those on the surface of 
a nanoshell. The enhancements may result in an increased 
intensity will vary depending on the nature of the core and 
shell layers. For example, a gold nanoegg may display an 50 

intensity increase (i.e. enhancement) of from about 20 to 
about 80 wherein the intensity increase is a dimensionless 
number that represents the ratio of incident light intensity to 
the intensity of the particle response. Alternatively, these 
local field enhancements may result in an alteration of the 55 

spectral window such that the spectral envelope of the plas
monic features of the nanoegg are shifted with respect the 
spectral envelope of the plasmonic features of the nanoshell. 
The shift may be to shorter (blueshift) or longer (redshift) 
wavelengths. Alternatively, these local field enhancements 60 

may result in the appearance of additional absorption features 
such that the absorption spectra of the nanoeggs display addi
tiona! absorption peaks and appears as a more complex spec-

The unique properties of this new nanostructure are highly 
attractive for applications such as standalone nanosensors 
exploiting surface-enhanced spectroscopies or SPR sensing 
modalities. Applying the plasmon hybridization model as 
design principles to realizable nanostructures will result in 
the selective implementation of optimized optical properties 
into structures and devices of mesoscale dimensions. Such a 
near infrared optimized nanosensor for electromagnetic 
emission spectroscopy is likely to be of utility in a variety of 
biological studies and biomedical applications, such as bio-
assays, intracellular spectroscopy and molecular level diag
nosis of early stage cancer. 

A nanoegg of this disclosure may function as an all-optical 
sensor with the ability to detect and/or report chemical or 
physical alterations of an environment. Individual nanoeggs 
may function as sensors; alternatively aggregates of the 
nanoeggs may function as sensors. In an embodiment, the 
nanoegg functions as a nanosensor that may be embedded in 
an organism whose tissues or cells are experiencing a dys
function or disorder. The nanoegg may be localized to spe-
cific cellular types such as for example neoplastic cells or 
cells having comprised cellular functions and may provide a 
means of measuring alterations in said environments. For tra when compared to the spectra of a nanoshell acquired 

under similar conditions. 
In an embodiment, the nanoeggs of this disclosure display 

far field optical properties that are not observable with con-

65 example, a nanoegg associated with an adsorbate may be 
introduced to a cellular environment and the Raman spectra 
of the adsorbate acquired utilizing excitation by a laser device 
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in vivo with subsequent detection of the SERS spectrum of 
the adsorbate. The SERS spectrum of the adsorbate may be 
detected by a device located in vivo in proximity to the 
nanoegg and capable of receiving and transmitting SERS 
spectral data. 

In yet other embodiments, the nanoegg and/or nanoegg 
associated with an adsorbate may be employed as a sensor in 
vitro. Additional uses for the nanoeggs of this disclosure 
would be apparent to one of ordinary skill in the art. 
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EXAMPLES 

The various embodiments having been described, the fol
lowing examples are given as particular embodiments and to 
demonstrate the practice and advantages thereof. It is under-

40 stood that the examples are given by way of illustration and 
are not intended to limit the specification or the claims in any 
manner. 

45 

Example 1 

Nanoshells with an offset core were experimentally fabri
cated by using an asymmetric electroless plating technique, 
see FIG. 3A. Tetraethyl orthosilicate (TEOS; 99.9999%), 
(3-aminopropyl)trimethoxysilane (APTMS), tetrachloroau-

50 ric acid (HAuC14), and PVP (160,000 MW) were purchased 
from Sigma-Aldrich. Ammonium hydroxide, potassium car
bonate (K2C03 ), and ethanol were purchased from Fisher 
Scientific. Ultrapure water (18.2 MQ resistivity) was 
obtained from a Milli-Q water purification system (Milli-

55 pore). Glass microscope slides were obtained from Gold Seal 
Products (Portsmouth, N.H.). All of the chemicals were used 
as received without further purification. Concentric silica 
core-Au shell nanoparticles were fabricated following a 
reported seed-mediated electroless plating method and then 

60 were immobilized onto PVP-functionalized glass substrates 
as a monolayer of isolated nanoshells. The nanoshells used 
were 94±9 nm in core radius and 9±1 nm in shell thickness. 
Specifically, nanoshells with an offset core were fabricated by 
immersing the nanoshell films in 9 ml of aqueous solution 

65 containing 1 mM HAuC14 and 3.5 mM K2 C03 , where the 
addition of 20 fll of 37% formaldehyde then initiated the 
electro less plating of Au onto the nanoparticle surfaces. The 
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films were subsequently removed from the plating solution 
after a certain period of reaction time, rinsed with ethanol, and 
dried with nitrogen gas flow. All of the nanoegg particles 
fabricated in this manner had the same orientation on the glass 
slides, with the point in contact with the glass substrate cor
responding to the minimum shell thickness for each nanoegg 
particle. Increasing the reaction time of the plating process 
increases the effective core offset of the nanoeggs. The mor
phologies and ensemble optical properties of the products 
were characterized by scanning electron microscope (SEM), 10 

TEM, and UV-visible (vis)-NIR spectroscopic measure
ments. SEM images were obtained on a Philips FEI XL-30 
environmental SEM at an acceleration voltage of30 kV. TEM 
images were obtained by using JEOL JEM-2010 TEM. The 
extinction spectra were measured by using a Cary 5000 UV- 15 

vis-NIR spectrophotometer (Varian) in the wavelength range 
of 400-1,500 nm. 

FIGS. 3B and 3C shows typical transmission electron 
microcopy (TEM) images of a concentric nanoshell with 
homogenous shell thickness of 9 nm and a nanoegg with a 20 

core offset ofl 0 nm, respectively. In FIG. 3D, the evolution of 
the extinction spectra of the oriented nanoegg films as a 
function of electro less plating time (i.e. reaction time) is 
shown where the reaction time was 0, 5, 10, 15 or 20 minutes 
as indicated. These measurements were performed on 25 

nanoegg films by using normal incidence, unpolarized light. 
The spectral envelope of the plasmonic features shifted to 
shorter wavelengths as the reaction time increased. This trend 
is in good agreement with FDTD calculations; see FIG. 3E, 
which also show a spectral peak blueshift with increasing 30 

core offset, for the same orientation of core offset with respect 

12 
sponds to that of increasing offset D. The nanoshell bonding 
plasmon was seen at 730 nm and was accompanied by a much 
smaller broad peak at nominally 450 nm corresponding to the 
antibonding plasmon. For reduced symmetry nanoparticles, 
the onset and development of multi peaked spectra of increas
ing complexity was accompanied by an overall redshift of the 
spectral envelope. Additionally, the antibonding plasmon 
peak became broader and eventually quite large, of similar 
magnitude as the accompanying lower energy modes in the 
nanoparticle spectrum. The peak positions and lineshapes 
vary significantly as the core offset changes. These single-
particle spectra bear a striking qualitative resemblance to the 
theoretically calculated spectra shown in FIG. 2B. The pres
ence of a dielectric substrate, the dark-field optical excitation 
and collection geometry, and phase-retardation effects may 
affect the spectral widths observed for the experimentally 
fabricated nanoparticles relative to the theoretical spectra in 
FIG. 2B. Within experimental error, the fabricated nanopar
ticles have effective core offsets around D=3.3 nm and there-
fore correspond exactly to the regime where additional 
hybridized peaks should appear in the theoretical spectra. 

In conclusion, the results demonstrate that symmetry 
breaking can strongly modifY the selection rules for the inter
action of plasmon modes on an individual nanoparticle. With
out wishing to be limited by theory, this finding has profound 
consequences for the optical spectrum of the particle, allow-
ing all plasmon modes to possess some dipolar character and 
contribute to additional features in the optical spectrum as 
symmetry is reduced. For concentric nanoshells, reduction in 
symmetry also is accompanied by an increased electromag
netic field enhancement on its external surface, located at the 
narrowest region of shell thickness. This approach may be 
useful in analyzing and understanding the local- and far- field 
optical response of other reduced-symmetry nanostructures 

to incident light. In these ensemble measurements, the plas
mon peaks are significantly and asymmetrically broadened in 
comparison with the calculated spectra, because of the distri
bution in sizes and offsets in the fabricated nanostructures. 

Example 2 

35 of even greater complexity and, ultimately, in the design of 
various nanoparticle geometries with specific near-field opti
cal properties. 

The evolution of the plasmon energies of these reduced 
symmetry nanostructures were investigated by performing 
dark-field spectroscopic measurements on isolated, indi
vidual, randomly oriented nanoeggs in reflection mode. 
Dark-field single particle spectroscopic measurements were 
performed by using an inverted microscope (Zeiss Axiovert 
200 MAT). A reflection dark-field objective (1 Ox, numerical 
aperture 0.9) was used to focus the image of each single 
nanoparticle at the entrance slit of a spectrograph (SP-2165; 
Acton Research, Acton, Mass.), and data were collected with 
a charge-coupled device array (PhotonMax 512; Princeton 
Instruments, Trenton, N.J.). For these measurements, a 
sample of nanoeggs was prepared where, after fabrication, the 
immobilized nanoparticles were removed from the substrate 
and released into an aqueous solution by application of an 
ultrasonic probe. The nanostructures then were dispersed by 
spin-coating onto a PVP-coated glass substrate. Spectra were 
all acquired in ambient air. The spectrum of an area of the 
sample containing no nanoparticles was subtracted from the 
nanoparticle spectrum for background correction, and the 
nanoparticle spectra were divided by a white-light calibration 
standard spectrum (Edmund Optics, Barrington, N.J.) to cor
rect for any possible wavelength-dependent variations in col
lection efficiencies in the system. 

A sequence of single particle spectra is shown in FIG. 4. 
The lowest spectrum is that of a single nanoshell, accompa
nied by representative spectra of reduced symmetry nanopar
ticles, each displaced vertically for clarity. The sequence of 
spectra shown with increasing vertical displacement corre-

While various embodiments of the invention have been 
shown and described, modifications thereof can be made by 

40 one skilled in the art without departing from the spirit and 
teachings of the invention. The embodiments described 
herein are exemplary only, and are not intended to be limiting. 
Many variations and modifications of the invention disclosed 
herein are possible and are within the scope of the invention. 

45 Where numerical ranges or limitations are expressly stated, 
such express ranges or limitations should be understood to 
include iterative ranges or limitations of like magnitude fall
ing within the expressly stated ranges or limitations (e.g., 
from about 1 to about 10 includes, 2, 3, 4, etc.; greater than 

50 0.10 includes 0.11, 0.12, 0.13, etc.). Use of the term "option
ally" with respect to any element of a claim is intended to 
mean that the subject element is required, or alternatively, is 
not required. Both alternatives are intended to be within the 
scope of the claim. Use of broader terms such as comprises, 

55 includes, having, etc. should be understood to provide sup
port for narrower terms such as consisting of, consisting 
essentially of, comprised substantially of, etc. 

Accordingly, the scope of protection is not limited by the 
description set out above but is only limited by the claims 

60 which follow, that scope including all equivalents of the sub
ject matter of the claims. Each and every claim is incorporated 
into the specification as an embodiment of the present inven
tion. Thus, the claims are a further description and are an 
addition to the preferred embodiments of the present inven-

65 tion. The discussion of a reference herein is not an admission 
that it is prior art to the present invention, especially any 
reference that may have a publication date after the priority 
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date of this application. The disclosures of all patents, l?atent 
applications, and publications cited herein are hereby mcor
porated by reference, to the extent that they provide exem
plary, procedural or other details supplementary to those set 
forth herein. 

What is claimed is: 
1. A nanoparticle comprising a shell surrounding a c?re 

material with a lower conductivity than the shell matenal, 
wherein the core center is offset in relation to the shell center, 
and wherein the nanoparticle has a visible and near infrared 
spectra comprising additional peaks adjacent to the dipolar 
plasmon resonances when compared to an otherwise identic~! 
nanoparticle having a concentric core and shell and wherem 
the offset is from about 1 nm to about 30 nm wherein the shell 

14 
9. The nanoparticle of claim 8 wherein the enhanced opti

cal properties comprise an enhanced surface Raman scatter
ing (SERS) spectral response. 

10. The nanoparticle of claim 9 wherein the SERS 
enhancements range from greater than about 107 to about 
1010

. 

11. The nanoparticle of claim 9 wherein the adsorbate has 
a chemically and/or physically responsive SERS spectrum. 

12. The nanoparticle of claim 9 wherein the SERS 
10 enhancements range from about 109 to about 1010

. 

13. The nanoparticle of claim 1 wherein the nanoparticle is 
operable as a sensor device. 

fully coats the core. . 
1

5 

2. The nanoparticle of claim 1 wherein the core compnses 
silicon dioxide, gold sulfide, titanium dioxide, polymethyl 
methacrylate (PMMA), polystyrene, hydrogels, macromol
ecules or combinations thereof. 

14. The nanoparticle of claim 13 wherein the sensor is an 
all-optical sensor. 

15. The nanoparticle of claim 13 wherein the sensor com
prises an individual nanoparticle. 

16. The nanoparticle of claim 13 wherein the sensor com
prises an aggregate of nanoparticles. 

3. The nanoparticle of claim 1 wherein the shell comprises 
gold, silver, copper, platinnm, palladinm, lead, iron or com
binations thereof. 

17. The nanoparticle of claim 1 wherein the shell com-
20 prises polyacetylene, doped polyaniline, or combinations 

thereof. 
18. The nanoparticle of claim 1 wherein the shell has a 

thickness of from approximately 1 nm to 100 nm. 
4. The nanoparticle of claim 1 having enhanced near-field 

optical properties when compared to an otherwise identical 
nanoparticle having a concentric core and shell. 

5. The nanoparticle of claim 4 wherein the enhanced near
field optical properties result in an increase in intensity of 
from about 20 to about 80. 

19. The nanoparticle of claim 1 wherein the nanoparticle 
25 has reduced symmetry nanoparticle plasmon modes. 

6. The nanoparticle of claim 1 having far-field optical prop
erties when compared to an otherwise identical nanoparticle 

30 
having a concentric core and shell. 

7. The nanoparticle of claim 1 further comprising an adsor
bate having one or more optical properties. 

8. The nanoparticle of claim 7 wherein one or more of the 
optical properties of the adsorbate are enhanced when com-

35 
pared to an otherwise identical nanoparticle having a concen
tric core and shell. 

20. The nanoparticle of claim 1 wherein the nanoparticle is 
a component in a bioassay, intracellular spectrosc~py, 

molecular level diagnosis of early stage cancer, or combma
tions thereof. 

21. The nanoparticle of claim 1 wherein the nanoparticle is 
embedded in an organism experiencing a dysfunction or dis
order. 

22. The nanoparticle of claim 21 wherein the dysfunction 
or disorder comprises cancer. 

* * * * * 


