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Optimal design of structured nanospheres
for ultrasharp light-scattering resonances
as molecular imaging multilabels
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Abstract. Optical molecular imaging could potentially enable nonin-
vasive high-resolution characterization and diagnosis of living tissue.
The capability to image multiple molecular targets simultaneously is
particularly important. Currently this task cannot be achieved using
conventional optical contrast agents, due to their broad spectral re-
sponses (;80 to 200 nm). Developments in research on semiconduc-
tor nanocrystals (quantum dots) provide one possible solution. We
describe a different concept of multilabel molecular imaging that uti-
lizes resonant light-scattering spectroscopy of multilayered nano-
spheres to achieve tunable ultrasharp resonance peaks with widths as
narrow as 10 nm. Our theoretical study demonstrates that dozens of
molecular targets can potentially be imaged simultaneously using this
approach. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1899684]
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1 Introduction
It is now recognized that the field of nanophotonics may revo
lutionize biology and medicine by enabling novel methods of
molecular imaging, analyte detection, and drug delivery.1,2 An
important component of nanophotonics has been the use
metallic nanoparticles due to their remarkable optical proper
ties. The spectra of light scattered by such nanoparticles ex
hibit resonances at visible and near-IR~NIR! wavelengths,
which may enable their use as molecular contrast agents
various modalities of optical imaging of living tissue, such as
light-scattering spectroscopic~LSS! imaging. We have al-
ready shown the capabilities of LSS imaging3,4 to provide
accurate, hitherto unattainable information about tissue mi
croarchitecture at scales ranging from tens of nanometers
tens of micrometers.3–6 Furthermore, we showed that LSS
imaging could be used for noninvasive imaging and detection
of early stages of precancer and other diseases associated w
alteration of tissue structure. By utilizing metallic nanopar-
ticles as contrast agents in LSS imaging, not only the infor-
mation concerning tissue structure but also its molecular com
position can be obtained. Thus, noninvasive multilabe
molecular imaging of living tissue could potentially be
achieved using LSS imaging. Such a technique can be use
not only for tissue molecular imaging, but also for detection
of multiple analytes and the biochemical analysis of materials

Sharp and symmetric fluorescence peaks generated b
quantum dots~QDs! have been explored by several groups to
achieve the goal of multicolor labeling.7–12 Recently, several
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problems associated with QDs, such as fluorescence que
ing, nonspecific binding, and aggregation, have been sol
Compared with organic fluorophores, QDs have seve
unique optical properties. The fluorescence spectra of QDs
narrow, symmetric and tunable by varying the size of QD
Because QDs can be excited at any wavelength shorter
the emission maximum, a single excitation wavelength can
used to induce fluorescence from a mixture of different siz
QDs. In addition, the narrow fluorescence spectra enable m
tiple targets to be detected and resolved simultaneously. T
after tagging different sized QDs to different molecular ta
gets, multicolor labeling can be implemented. Thus, in ap
cations where fluorescence imaging is desirable and feas
QDs provide an efficient solution to obtain molecular ima
ing. However, for broadband, e.g., white light, light scatteri
imaging, such as LSS imaging,3,13–15 optical coherence
tomography16 ~OCT!, differential pathlength spectroscopy,17,18

and polarization imaging,19,20 alternative contrasts are re
quired. Recently, this has led to a significant interest in the
of metallic nanoparticles and nanoshells as such cont
agents.

Resonant light scattering, arising from plasmon resona
in structured metallic nanoparticles, are superior to conv
tional optical methods for diagnostic detection and labeling
several aspects. The photoefficiency of a gold nanopart
can be equivalent to as many as hundreds of thousand
fluorescent molecules.21 Furthermore, the stability of metallic
nanoparticle properties makes resonant light scattering
mune to time-dependent blinking or photobleaching.21,22
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Chen et al.
Moreover, metallic nanoparticles can be conjugated with an
tibodies, DNA probes, ligands, and protein receptors,21–24

which enables using nanoparticles as molecular labels
Sokolov et al.25 utilized this property of solid gold and silver
nanospheres in a single-label confocal reflectance imaging o
living epithelial cells. However, because solid metallic nano-
particles have relatively wide resonance peaks, only a few
such peaks can be resolved simultaneously. Therefore, mult
color labeling may not be achieved within the range from the
visible to the NIR, and novel nanoscale agents with sharp an
easily controllable resonances must be developed. We propo
herein a novel concept that utilizes nanoparticle engineerin
to facilitate multilabel molecular imaging of tissue, which is
based on the resonant light scattering by multilayered metalli
nanospheres.

2 Methods
A thorough, systematic investigation of resonant light scatter
ing by structured metallic nanoparticles can provide deep in
sight into this phenomenon and guide the optimal design o
the nanoparticle structures. Studies of particles with arbitrary
shapes must resort to time-consuming, purely numerical com
putations, whereas analytical expressions have been well e
tablished for concentric spherical shells. For practical appli-
cations, spheres are the most natural shape and the easies
synthesize and control, and thus have by far received the mo
attention. Up to now, efforts have been focused only on solid
metallic nanospheres and two-layered nanoshells, because
the availability of robust codes for Mie scattering and coated
sphere scattering. The general case of nanospheres with
arbitrary number of layers and an arbitrary combination of
materials has so far been avoided due to computational com
plexity. Nevertheless, we managed to overcome this barrie
and developed an accurate numerical model of resonant ligh
scattering of multilayered nanospheres based on the exact s
lution of Maxwell’s equations~to be posted on the Internet as
a publicly accessible code!. To accomplish this, we imple-
mented the robust and highly efficient recurrence algorithm
introduced by Wu and Wang26 to calculate the exact solutions
to Maxwell equations of light scattering by multilayered con-
centric spheres.

The required inputs to our computational experiments are
the refractive indexn(l)1 ik(l) of the material at each layer
and the layer’s dimension~the radius of the core or the thick-
ness of a shell!. The imaginary part of the refractive index
@e.g.,k(l)] is proportional to the absorbance spectrum of the
material. An enormous number of combinations can be ex
plored as each structured nanosphere is characterized by t
number of layers, the choice of material for each layer, and
each layer’s size. Here, we report results on two- and three
layered nanospheres consisting of gold, silver, and silica. Ex
tension to other metals is straightforward. The scattering effi
ciency Qsca(l) is calculated using the refractive indices
measured on evaporated films of gold and silver.27 The total
scattering cross sectionssca is proportional toQsca, i.e.,
ssca5pa2Qsca, wherea is the overall radius of the sphere.
Because for single scattering events, the intensity of ligh
scattered by a nanosphere is proportional toQsca, knowing
the scattering cross section is sufficient for imaging in the
backward geometry. In the case of imaging based on multipl
024005Journal of Biomedical Optics
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scattering events, as in deep tissue imaging, the extinc
cross sectionsext must be used. Note thatQsca does include
the effect of light absorption by the nanosphere materials,
to the nonzerok(l).

3 Results and Discussion
In this paper, we describe a theoretical basis of nanopar
engineering to facilitate multilabel molecular imaging of ti
sue, which is based on the resonant light scattering by m
layered metallic nanospheres. This scheme may potent
enable imaging of multiple molecular targets simultaneou
over a wide image area. Here, a spectrum of light scatterin
collected for each pixel in the imaged field. Then, the spa
distribution of each molecular target is represented by
spatial distribution of nanoparticles, which in turn is report
by the presence and/or absence of its resonant light scatte
peak at each pixel. Unlike the QD fluorescence approach,
imaging using multilayered metallic-dielectric nanosphe
does not utilize UV excitation to access the full visible-NI
range. Furthermore, the biocompatibility of the multilayer
nanospheres should be determined by the outer shell mat
and should be similar to gold or silver nanoparticles, who
dynamics in tissue including delivery, toxicity, and clearan
have been extensively studied.28–32 Because gold nanopar
ticles have been applied in the study for drug delivery,28,29

adoption of this kind of nanospheres in human tests is
pected to be faster.

To achieve multilabel molecular imaging, the structure
the engineered metallic nanospheres should possess the
lowing optical properties: a prominent resonance peak wit
narrow width characterized by the full width at half maximu
~FWHM!, a high resonance-to-baseline ratio, and easy t
ability of the spectral position of the resonance by simp
variation of the nanosphere configuration. Accordingly, a
ries of distinguishable resonances can be arranged to c
the visible-NIR wavelength range. Because each charact
tic resonance peak is used to label a specific molecular ta
the maximal number of contrast agentsN is approximately
N5Dl/FWHM, whereDl is the wavelength range of detec
tion. For example, when FWHM516 nm, we anticipate;37
resonance peaks can be distinguished in the wavelength r
from 400 to 1000 nm; thus,;37 targets can be detected at th
same time, if necessary.

Importantly, one of the major complications arising in im
aging of turbid media, such as tissues, is the strong ba
ground of endogenous light scattering, which itself posses
spectral variations. These broad spectral features are use
LSS imaging to obtain important information about tiss
structure. Because endogenous light scattering spectra
nanoparticle resonances may interfere with each other, r
nances with sufficiently narrow FWHMs and high peak-t
baseline ratios are critical for discrimination. Nevertheless
light of the preceding requirements, previously described m
tallic nanoparticles do not lend themselves for multilabelin

Regarding the tunability criterion, studies have shown33–35

that resonant light extinction by metallic nanoparticles ha
strong dependence on nanoparticle size, shape, and ma
composition. Averitt et al.,36 Halas et al.,37 and Jackson and
Halas38 showed that extinction resonances in two-layer
nanoshells, i.e., concentric nanospheres consisting of a die
-2 March/April 2005 d Vol. 10(2)



Optical design of structured nanospheres . . .
Fig. 1 Comparison of resonant light scattering peaks for solid, two-
and three-layered nanospheres. The peak values are normalized to
unity. The values of the peak FWHMs are listed on top of each curve.
The sphere structure is denoted in the legend as core radius/core ma-
terial; thickness of shell 1/material of shell 1; thickness of shell
2/material of shell 2 (for three-layered nanospheres). All dimensions
are in nanometers. Ag stands for silver; Au, for gold; and Sil, for silica.
The schematic on the right illustrates the four types of nanoparticles
(not shown to scale). Black color shows nanoparticle layers composed
of either silver or gold. White color shows nanoparticle layers com-
posed of silica.
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tric core and a metal shell, can be precisely controlled in the
visible-NIR spectral range by varying the core-to-shell ratio.
Loo et al.16 showed the feasibility of utilizing two-layered
nanoshells forin situ tissue imaging. Although these studies
demonstrate the tunability of two-layered nanoshells, the ef
fort has been mostly devoted to investigating the properties o
relatively large nanoshells~tens to hundreds of nanometers in
diameter!, which give rise to resonances with spectral widths
typically from 150 to 200 nm~Fig. 1!. This width range en-
ables the use of only three to four distinct biomarkers in the
whole visible-NIR range and would interfere with endog-
enous spectral features, as described earlier. Moreover, th
delivery of such large nanoparticles to target sites in living
tissues could prove difficult. In addition, these studies focuse
on the tunability of light extinction, which is dominated by
light absorption, rather than resonant light scattering.

In previously reported molecular imaging experiments,25

solid metallic nanoparticles~sizes;10 nm! were used. How-
ever, FWHMs of solid nanosphere resonances are typicall
wide ~;60 nm!, and the peak-to-baseline ratio is only;3 to 5
~Fig. 1!. Furthermore, although their resonance positions ca
be controlled by varying their size, this approach is not effec-
tive due to a weak dependence of resonance position on pa
ticle size. Tuning resonance peak positions by varying particle
sizes may also limit their use for tissue imaging, because
nanospheres of different sizes have different rates of diffusio
within a tissue. As a result, the accurate mapping of the con
centrations of the target molecules by the nanospheres will b
distorted.

First, to validate our algorithm, we compared the predic-
tions of our computational model for silica-core silver-shell
024005Journal of Biomedical Optics
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nanoshells of various sizes with the experimental results p
viously obtained by Oldenburg et al.33 and Jackson and
Halas38 were found to be in an excellent agreement~case B in
Fig. 1!. Then, we utilized our model to investigate light sca
tering and absorption properties of multilayered nanoshe
Figure 1 shows the typical resonance scattering spectra
nanospheres of four different configurations. Both the so
gold nanosphere(a522 nm) and the large two-layered
nanoshell with a 60-nm silica core and a 5-nm gold sh
produce wide resonance peaks. On the other hand, spec
configured two- and three-layered nanospheres are capab
producing ultrasharp resonances with spectral widths of
order of 10 nm and significantly improved peak-to-basel
ratios.

Our results indicate that in two-layered nanoshells,
spectral position of resonant peak depends on the core-to-
ratio @Fig. 2~a!#. This result agrees with the observation
Oldenburg et al.33 made for larger nanoshells. As shown

Fig. 2 Resonant light scattering peaks of two-layered nanospheres
with silica cores. The sphere structure is denoted in the legend as core
radius/core material; thickness of the shell/material of the shell. All
dimensions are in nanometers. Ag stands for silver; Au, for gold; and
Sil, for silica. (a) The overall radius of nanospheres fixed at 10 nm, and
the relative dimension of the core versus the shell is varied. Conse-
quently, the resonance position can be controlled to cover the entire
visible-NIR range. The core radius has no size distribution. The
FWHMs of the peaks are, from left to right, 9, 9, 12, 11, 15, 16, 29,
31, 35, and 40 nm, respectively. (b) The silica core radius carries a
65% size distribution. The FWHMs of the peaks are, from left to right,
10, 12, 20, 22, 37, 58, 47, 60, 77, and 106 nm, respectively. As
expected, the size distribution broadens the resonance peaks.
-3 March/April 2005 d Vol. 10(2)
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Fig. 2~a!, the spectral position of the resonance can be pre
cisely controlled throughout the visible-NIR range.~As in
case of all nanoparticles, certain physical effects such a
nanoparticle aggregation, electron impurity and defects, a
well as electron-interface, electron-electron, and electron
lattice collisions, may potentially affect the shape of the reso
nance peaks. Although nanoparticle aggregation can be inhib
ited by using surfactants and these effects were not found t
significantly affect the nanoparticle resonances, future exper
ments will enable a thorough understanding of the factors tha
may affect the resonances generated by structured nan
spheres in various environments.! In Fig. 2~a!, all nanoparticle
configurations share the same overall size of 10 nm in radius
and the resonance position is varied depending on the relativ
dimensions of the nanoparticle layers. As the resonance shif
to longer wavelengths, the FWHM monotonically increases
Because the synthesis of nanoparticles with a size distributio
below 5 to 10% is difficult to achieve, we investigated the
influence of the size distribution on the resonance width. We
modeled65% variation in the radius of the silica core. As
expected, a finite distribution of the nanosphere sizes broad
ens the resonance peaks, particularly at longer wavelength
@Fig. 2~b!#. Therefore, the difficulty of synthesizing monodis-
perse silica cores~especially below;100 nm! may limit the
use of this type of nanoshells for multilabel molecular imag-
ing at the present stage.

Although the synthesis of nanoscale silica cores below 10
nm has been difficult, the synthesis of silica-coated metallic
nanoparticles with accurately controllable dimensions ha
been achieved experimentally for overall diameters below 10
nm. For example, recently, Liz-Marzan et al. successfully
coated silica on metallic nanoparticles.39 Although the reso-
nances obtained using such metal-core silica-shell nanopa
ticles suffer from similar problems as those of solid metallic
nanoparticles, these nanoshells can serve as basis to obta
ultrasharp and tunable resonant peaks, as described in t
following.

Here we report, for the first time, theoretical evidence tha
three-layered nanospheres, which can be easily synthesiz
using current methods,40–46have improved properties as mul-
ticolor labels, compared with existing resonant light scattering
markers, including solid metallic nanoparticles and two-
layered nanoshells. The three-layered nanospheres consist
alternating layers of metallic and dielectric materials, e.g.
metallic-core and silica-shell nanoparticles coated with an
other layer of a metal. The basic building blocks of such
three-layered nanospheres have been readily and extensive
synthesized within the past decade.40–47 Specifically, a series
of nanospheres with a silver core, silica middle shell, and
silver or gold surface shell can replicate the array of sharp
resonances similar to the two-layered nanoshells of Fig. 2
throughout the entire visible-NIR region@Fig. 3~a!#. Accord-
ing to Rayleigh criterion, up toN;30 resonance peaks can be
distinguished simultaneously. In turn, this may enable paralle
imaging of up to 30 distinct biomarkers simultaneously. Re-
markably, the widths of these resonances are much less se
sitive to statistical size variations@Fig. 3~b!#. For example,
Fig. 3~b! compares the increase of the resonance FWHM
with the standard deviation of the size distribution of the silica
layer for two- and three-layered nanospheres, respectivel
According to the model, the FWHMs of the resonances for
024005Journal of Biomedical Optics
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two-layered nanospheres increase dramatically with stand
deviation, whereas the FWHMs of three-layered nanosph
show only a weak dependence on standard deviation.

Clearly, nanospheres will exhibit both scattering and a
sorption features. Light absorption due to multiple intera
tions ~absorptions and/or scatterings! by nanospheres may
complicate their applications in deep tissue imaging. Ho
ever, about 85% of all cancers originate in the epithelial lev
and it is the photons single-scattered in the backward dir
tion by this superficial tissue that carry the most diagnos
information.3,13–15,17 Multiple-scattered photons must be re
jected via experimental design or theoretical modeling. In t
scenario, the single-scattering signal from nanospheres is
portional to the scattering cross section that is investigate
this paper. However, in deep tissue imaging, where the ef
of multiple light scattering becomes important, extinctio
cross section must also be taken into account.

Fig. 3 Resonant light scattering of three-layered nanospheres. (a) The
overall radius of the spheres is fixed at 10 nm. The spheres consist of
a silver core, a silica middle shell, and a silver/gold surface shell. The
sphere structure is denoted in the legend as core radius/core material;
thickness of shell 1/material of shell 1; thickness of shell 2/material of
shell 2. All dimensions are in nanometers. Ag stands for silver; Au, for
gold; and Sil, for silica. Sharp resonant peaks of the spheres can be
tuned to cover the visible-NIR wavelength range by varying the sphere
structure configurations. The presented curves are obtained without a
size distribution of silica layer. The FWHMs of the peaks are, from left
to right, 12, 12, 11, 14, 14, 15, 13, 26, 28, 29, 31 nm, respectively.
According to Rayleigh criterion, up to N;30 resonance peaks can be
distinguished simultaneously. (b) The dependence of the FWHMs of
the resonance peaks on the size distribution of a silica layer.
-4 March/April 2005 d Vol. 10(2)
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Optical design of structured nanospheres . . .
We presented a new scheme for multicolor molecular im-
aging and a mathematical model-based approach to systema
cally guide the experimental design of nanoparticles. Thes
kinds of nanoparticles have proven biocompatibility, and
since nanogold has been used in drug delivery in humans, th
pace of their applications is expected to be faster than othe
agents. In addition, because only the visible to NIR wave-
length range is used, the potential harm of UV radiation to the
human body is avoided. Ultrasharp light scattering resonance
generated by structured nanospheres may potentially facilita
imaging of a wide range of molecular signatures of various
diseases and monitoring of molecular events for tissue an
material engineering applications. Although initially designed
for LSS imaging, ultrasharp resonances generated by th
structured nanospheres will likely enhance the role and impac
of nanophotonics on other disciplines. In particular, many mo
dalities of optical imaging including optical coherence tomog-
raphy~OCT! and confocal microscopy may see an immediate
benefit. Moreover, the molecular characterization of tissue b
means of resonant light scattering may compliment other ap
proaches, such as those based on the achievements in the fi
of QD fluorescence.7–12 Furthermore, the approach reported
here may facilitate the identification of novel optimal configu-
rations of nanoparticles for specific material, biological, medi-
cal, or engineering applications. Experimental studies aime
to synthesize multilayered nanoparticles to validate the mode
presented herein and utilize their resonant properties for LS
molecular imaging of tissue are currently underway in our
group.
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