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We have successfully utilized the newly developed near-
infrared multispectral imaging (NIR-MSI) microscope to
observe and measure directly the localized surface plas-
mon absorption (LSPR) of individual gold nanoshells. The
NIR-MSI is suited for this task because it can simulta-
neously record spectral and spatial information of a
sample with high sensitivity (single pixel resolution) and
high spatial resolution (∼0.9 µm/pixel). Importantly, the
LSPR of individual nanoshells measured by the NIR-MSI
microscope agrees well with the spectra calculated theo-
retically using Mie scattering for the nanoshells (i.e.,
nanoshells with silica cores ∼800 nm in diameter and
gold shell thicknesses of ∼35 nm). Additionally, the NIR-
MSI microscope enables measurement of LSPR at differ-
ent positions within a single nanoshell. LSPR spectra were
found to be distinct at various positions within a single
nanoshell. Since LSPR spectra are known to depend on
the shape and morphology of the nanoshells, these results
seem to suggest that the individual nanoshells are not
smooth and well-defined, but are rather rough and inho-
mogeneous. The LSPR spectra of single nanoshells in
several different solvents were also examined using NIR-
MSI and were found to depend on the dielectric constant
of the medium. However, the relationship was discovered
to be more complex than simply following the Drude
equation. Specifically, when (λmax/fwhm)2 values of LSPR
for single gold nanoshells were plotted as a function
of 2n2 (or 2E) for nanoshells in six different solvents,
a linear relationship was found for only three solvents:
D2O, acetonitrile-d3, and ethyl acetate. Acetone-d6

showed a slight deviation, whereas formamide and
pyridine-d5 exhibited distinctly different correlations.

The optical properties of noble metal nanoparticles are the
subject of intense interest because of their extensive use as
functional materials in applications such as optical devices, energy
transport, near-field scanning optical microscopy, surface-en-

hanced spectroscopies, and chemical and biochemical sensors.1-3

Noble metal nanoparticles exhibit a strong absorption band that
arises when the incident photon frequency is resonant with the
collective oscillation of the electrons and is known as the localized
surface plasmon resonance (LSPR).1-3 The properties of the LSPR
are controlled by the dielectric function of the constituent metal
and the embedding medium, and also by the shape of the
nanostructure.1-3 For nanoshells, the shell/core ratio is largely
responsible for the plasmon resonance frequency supported by
this geometry.4-6

A number of groups have reported the absorption spectra of
nanoparticles and nanoshells prepared in water and in organic
solvents. However, comparison of the spectra is not easy because
of differences in particle shape, size, distribution, and stability.
Specifically, key structural parameters such as the aspect ratio,
cap-end shape, and volume of the particles are frequently poly-
disperse, leading to strong inhomogeneities in the optical re-
sponse. This lack of monodispersity makes it difficult to compare
not only data obtained from different experiments but also data
derived from experiment and computation. As a consequence, it
is difficult to analyze quantitatively the efficiency of the nanoshells
in applications such as those based on field-enhancement effects.

To overcome the inhomogeneous broadening inherent in
ensemble measurements, single-particle spectra are desired. Such
challenges have prompted considerable efforts in the past few
years to develop a technique that can measure the plasmon modes
of single nanoparticles. Limited success has been made, including
the use of such techniques as scanning near-field optical micros-
copy (SNOM), dark field illumination (DF), high resolution
electron energy loss spectroscopy, and spatial modulation spec-
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troscopy to measure the absorption or scattering spectrum of a
single nanoparticle.7-10 However, apart from the serious technical
challenges involved in these experiments, some techniques (e.g.,
SNOM and DF techniques) are limited in their ability to resolve
the mode structure of the plasmon (e.g., of a metal nanorod or
nanowire) spatially.7,8 The near-infrared (NIR) multispectral imag-
ing microscope described herein offers a simple solution to this
problem.

A multispectral imaging spectrometer is an instrument that
can simultaneously record spectral and spatial information about
a sample.11 Unlike conventional imaging techniques, which rely
on recording a single image using either single or multiwavelength
light for illumination, the multispectral imaging technique records
a series of several thousand images, each image at a specific
wavelength. That is, it measures absorption spectra of a sample
not at a single position, as is the case for a conventional
spectrophotometer, but simultaneously at many different positions
within a sample (by using a focal plane array detector rather than
a single channel detector).11 Chemical composition and structure
at different positions within a sample can be elucidated from such
images.11 We have recently developed a novel near-infrared (NIR)
multispectral imaging microscope that employs an acousto-optic
tunable filter (AOTF) for rapid spectral tuning and a microscope
for higher spatial resolution.12-20 The high sensitivity (single pixel
resolution), fast temporal (milliseconds) and high spatial resolution
(∼µm) of this imaging microscope, make it possible for us to use
this multispectral imaging microscope for studies and measure-
ments that, to date, have not been possible using existing
techniques. These include photoinduced changes of a single unit
micrometer-size cell in temperature-sensitive liquid crystals as a
function of time and wavelength,16 and the determination of
molecular state and distribution of fullerenes entrapped in sol-gel
samples.20

The information presented in the present manuscript is indeed
provocative and demonstrates that discrete gold nanoshells ∼1
µm in diameter can be individually observed, and their LSPR
spectra can be measured using multispectral imaging microscopy.
Such considerations prompted us to initiate this study, which aims
to (1) develop novel synthetic methods to prepare novel gold
nanoshells about ∼1 µm in diameter, (2) explore the use of the
multispectral imaging microscope as a sensitive and effective
method to observe and characterize the gold nanoshells by
measuring LSPR spectra at several different positions within a
single nanoshell, and also of many different single nanoshells of
the same sample, and (3) determine the effect of dielectric function
of the medium by measuring LSPR spectra of single nanoshells

in different solvents, including D2O, acetonitrile-d3, acetone-d6,
ethyl acetate, pyridine-d5, and formamide. The results of our
initial investigation are reported herein.

EXPERIMENTAL SECTION
Materials. All reagents were purchased and used as received

from the indicated suppliers: sodium hydroxide, ammonium
hydroxide (30% NH3), formaldehyde, nitric acid, hydrochloric
acid (all from EM Science), tetrakis(hydroxymethyl)phospho-
nium chloride (THPC, 80% in water), potassium carbonate,
3-aminopropyltrimethoxysilane (APTMS; all from Aldrich),
ethanol (Pharmco-Aaper), 0.80 µm silica microspheres (Bangs
Laboratories), D2O, acetone-d6, acetonitrile-d3, and pyridine-d5

(all from Cambridge Isotope Laboratories), and hydrogen
tetrachloroaurate(III) hydrate (Strem). Water was purified to
a resistance of 18 MΩ (Milli-Q Reagent Water System;
Millipore Corporation) and filtered through a 0.2 µm membrane
filter to remove any impurities. All glassware and equipment
were cleaned in an aqua regia solution (3:1, HCl/HNO3) and
then soaked in a saturated KOH/isopropyl alcohol base bath.

Preparation of Amine-Functionalized Silica Microspheres
and Attachment of Gold Seeds. Amine-functionalized silica
microspheres were prepared using an established proce-
dure.4-6,21,22 Briefly, silica microspheres (0.1 g) were added to
an ethanolic solution of ammonium hydroxide containing amino-
propyltrimethoxysilane (APTMS; 2.0 mL). The solution was stirred
for 2 h and then refluxed for 1 h. The amine-functionalized silica
microspheres were centrifuged at 2000 rpm for 1 h (RC-3B
Refrigerated Centrifuge from Sorvall Instruments) and redispersed
twice in 50 mL of ethanol.

Small gold “seed” particles having diameters of 2-3 nm were
prepared using an established procedure,6,21,22 which is briefly
described here. To a 100 mL aqueous solution of sodium
hydroxide (1.0 mL, 0.024 g, 0.6 mmol) and THPC (24 µL of
THPC in 2 mL of water) was quickly added an aliquot (4 mL)
of 1 wt % aqueous HAuCl4 ·H2O. The mixture was stirred for
30 min and then aged for 3 days in the refrigerator. An
aliquot of amine-functionalized silica microspheres (0.5 mL)
was then added to the aged colloidal gold solution, and the
mixture was allowed to react overnight to afford THPC gold-
seeded silica microspheres.6,21-23

Growth of Gold Nanoshells.6,22,23 For the growth of gold
nanoshells on the THPC gold-seeded silica microspheres, a basic
solution of gold salt (4 mL), which was prepared by dissolving
potassium carbonate (0.05 g) in 200 mL of water and adding 4
mL of a 1 wt % HAuCl4 ·H2O solution, was added to a 25 mL
beaker and stirred. An aliquot of purified gold-seeded silica
microspheres (0.5 mL) was then added. After stirring the
mixture for 5 min, 0.05 mL of formaldehyde was added as a
reducing agent to form the gold shell.

As described in the preceding paragraph, the gold nanoshells
were prepared as an aqueous suspension (i.e., dispersed in H2O).
To avoid complications from strong O-H absorbances, the
water was exchanged to D2O. This exchange was accomplished
by centrifuging 1 mL of the H2O solution of nanoshells at 2000
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rpm for 5 min at 22 °C. The supernatant was removed, and 1
mL of D2O was then added. After centrifuging the sample again
at 2000 rpm for 5 min, the supernatant was removed, and the
nanoshells were then redispersed in 1 mL of D2O. An analogous
procedure was used to exchange H2O to acetonitrile-d3, acetone-
d6, ethyl acetate, pyridine-d5, and formamide. Prior to each
measurement, the sample was briefly sonicated in a water bath
for 10-15 s.

Instrumentation. The acousto-optic tunable filter (AOTF)
based NIR multispectral imaging microscope (Figure 1) used in
this work is similar to those used in previous studies,12-19 except
for the replacement of the focusing microscopic lenses in the
microscope with a pair of 0.58 N.A. 15X reflecting Cassegrains to
avoid possible aberrations in the NIR region. Images recorded
by the NIR camera were grabbed and transferred to a PC by a
frame grabber. A software written in C++ language was used to
control the imaging microscope as well as to facilitate the frame
grabbing, saving and processing images. Three-dimensional
(3-D) images were calculated from recorded images by use of
the image processing program (National Institutes of Health,
ImageJ program).

The size and morphology of the nanoshells were additionally
characterized using a LEO scanning electron microscope (SEM).
In these analyses, an accelerating voltage of 15 kV was used. The
nanoshells were deposited from solution directly onto a silicon
wafer and imaged without any additional preparation.

RESULTS AND DISCUSSION
Our initial structural characterization of the gold nanoshells

consisted of imaging by SEM. Figures 2A and 2B show detailed
images of the silica cores, which appear as smooth, monodisperse
spheres with diameters of ∼0.80 µm. Similarly, Figures 2C and
2D show SEM images of THPC gold-seeded silica cores, which
are indistinguishable in size and bulk morphology when compared
to the undecorated silica core microspheres. Further, Figures 2E
and 2F show SEM images of gold nanoshells, demonstrating that
these composite particles are also monodisperse spheres. The
thickness of the gold shells as determined by difference (see
Figure 2G) was consistently ∼35 nm, giving an average diameter
for the composite nanoshell particle of ∼0.87 µm. Finally, Figure
2H provides images of the batch of nanoshells used for NIR
multispectral imaging (vide infra).

Two-dimensional (2-D) images of the gold nanoshell particles
in D2O and in ethyl acetate are shown in Figures 3A and 3B,
respectively. Individual gold particles can be resolved in the
images. As illustrated, nanoshells exist in solution in discrete form
as well as in aggregated clusters. Similar images were also found
for other solvents (e.g., acetone-d6; Figure 5A). Selected sections
of the 2-D images in Figures 4A (of nanoshells in ethyl acetate)
and 5A (of nanoshells in acetone-d6), indicated by the square in
Figure 4A and the rectangle in Figure 5A, were then taken to
calculate corresponding 3-D plots of the absorbance of the particles
at 1680 nm as function of particle dimension (i.e., x and y axes
with unit of pixel) (using NIH ImageJ imaging processing
program). The type (discrete vs clusters) and numbers of the
particles can be distinguished in the 3-D images (see Figures 4B
and 5B).

On the basis of the methods described in our previous
studies12 and by using a gold U.S. Air Force resolution target as
a standard, the spatial resolution of this NIR multispectral imaging
instrument was determined to be 0.93 ± 0.03 µm/pixel. The
average diameter of each discrete particle calculated from this
relationship was found to be 1.1 ± 0.2 µm. The fact that this value
is in good agreement with the value found by SEM (∼0.87 µm)
lends further credence to the NIR multispectral imaging instru-
ment. It is noteworthy that, in contrast to imaging by SEM, the
NIR multispectral imaging technique can be used to observe gold
nanoshells directly in solution. Importantly, it was found that, within
experimental uncertainty, the diameter of the discrete nanoshells
was found to be the same in all six solvents used in this study
(i.e., D2O, acetone-d6, acetonitrile-d3, ethyl acetate, pyridine-d5,
and formamide).

The three spectra shown in Figure 6A are plasmon resonance
spectra recorded at three different positions within a single gold
nanoshell in D2O (i.e., these spectra were not theoretically
predicted but rather were calculated from data (of recorded
images) of a single pixel at three different positions within the
same gold nanoshell). It is of particular interest to observe that
plasmon bands at different positions within the same nanoshell
are distinctly different, not only with regard to shape (i.e.,
spectral bandwidth), but also with regard to λmax. Since the
localized surface plasmon resonance (LSPR) is known to
depend on the shape and morphology of the surface,1-10 the
fact that distinct plasmon bands are observed at various positions
within the same nanoshell indicates that the morphology of the
nanoshell surface is rough and inhomogeneous. Because nanoshell
particles are in solution, they are known to undergo Brownian
motion.24-26 However, because the NIR-MSI microscope used in
this study can rapidly record images of a sample (e.g., it took
only 560 ms to record image shown in Figure 5A) and also
because the size of the nanoshell is rather large (1.1 µm diameter),
as predicted by literature,24-26 we did not experimentally observe
any Brownian motion effect on images and data reported here.

It is noteworthy to add that the observed inhomogeneities of
the nanoshell surface are on the order of nanometers, which are
smaller than the scale used for the SEM images; the variations

(24) Kihm, K. D.; Banerjee, A.; Choi, C. K.; Takagi, T. Exp. Fluids 2004, 37,
811–814.

(25) Tuteja, A.; Mackay, M. E.; Narayanan, S.; Asokan, S.; Wong, M. S. Nano
Lett. 2007, 7, 1276–1281.

(26) Liu, J.; Cao, D.; Zhang, L. J. Phys. Chem. C 2008, 112, 6653–6661.

Figure 1. Schematic diagram of the near-infrared (NIR) multispectral
imaging microscope.
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in surface morphology were not resolved in the SEM images. An
investigation that includes a side-by-side comparison of NIR
multispectral imaging with transmission electron microscopy
(TEM) imaging of the surface morphology of gold nanoshells will
be the subject of a future report.

Because the size of the nanoshells (∼1.1 µm) is comparable
to the spatial resolution of the NIR imaging instrument (0.93 µm),
if single-pixel data are collected from the edge of a nanoshell rather
than the center, the measurement will include not only the

absorbance of the nanoshell but also that of the solvent (note that
absorbance by the solvent will be zero since the spectrum of the
solvent will be background-subtracted). Consequently, the calcu-
lated absorbance spectrum will be an average of all of the data,
with diminished peak intensities when compared to data collected
from the center of a nanoshell. However, we would anticipate no
changes in the position or shape of the λmax bands in the
absorbance spectra. This prediction is verified in Figure 6B,
which shows three spectra calculated from one single position

Figure 2. Scanning electron microscope (SEM) images of (A,B) silica cores, (C,D) gold seeded silica cores, (E,F) complete gold nanoshells,
(G) coated and uncoated gold nanoshells, and (H) analyzed gold nanoshells.
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