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he localized surface plasmon reso-

nances of noble metal nanocrystals

and their assemblies can greatly
concentrate light to the regions close to
the metal surfaces and in the gaps between
metal nanocrystals. The plasmon-induced
concentration of light has been used widely
for enhancing a variety of optical signals, in-
cluding Raman,'? fluorescence,? two-
photon-excited photoluminescence,*
photopolymerization,>® high-harmonic
generation,” and light absorption for solar
energy harvesting.2® For example, single-
molecule fluorescence measurements have
shown fluorescence intensity enhance-
ments of up to 1340 for fluorescent mol-
ecules that are located in the gap region of
bowtie gold nanoantennas. A reduction of
the threshold of the laser pulse intensity by
at least 2 orders of magnitude for high-
harmonic generation has been demonstrated
on bowtie gold nanostructure arrays.’

Light scattering has been a powerful
technique in areas ranging from life sci-
ence, process analytics, remote sensing,
and astrophysics. It has been widely em-
ployed for measuring the size, shape, and
refractive index of biological particles,
macromolecules, colloids, aerosols, geologi-
cal, and astrophysical particles. For example,
cells are building blocks of biological organ-
isms. The structural and compositional
changes inside cells are usually indicators
of dysplasia or carcinoma.'® Many efforts
have been made to detect the small
changes in cellular physiology, which are as-
sociated with cell functions, including the
measurements of the local pH, intra- or
extra-cellular potential, fluorescence, and
refractive index. Among these techniques,
light scattering spectroscopy is a noninva-
sive detection method based on the elastic
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ABSTRACT Localized surface plasmon resonances of noble metal nanocrystals are powerful in enhancing a

variety of linear and nonlinear optical signals and photorelated processes. Here we demonstrate the plasmonic

enhancement of the light scattering from hollow mesoporous silica microspheres by attaching a dense layer of gold

nanocrystals onto the outer surface of the microspheres. The attachment of gold nanocrystals induces both the

shift and intensity increase in the resonant scattering peaks of the microspheres. The spectral region of the

resonant scattering enhancement can be controlled by using gold nanocrystals with different plasmon resonance

wavelengths. The spectral region of the enhancement is independent of the microsphere diameter. The scattering

enhancement factor ranges from 20 to 130, depending on the plasmonic properties and surface coverage of the

attached gold nanocrystals. The systematic evolution of the scattering spectra of the individual microspheres is

also revealed by chemically etching away the attached gold nanocrystals gradually.

KEYWORDS: gold nanorods - hollow microspheres - mesoporous silica -

plasmon resonance - scattering

scattering signals from cells."'? Early detec-
tion of cancer in epithelial cells has been
demonstrated by analyzing the nuclear size
distribution from the backscattered light
signals of the cells.>' Light scattering sig-
nals have also been utilized to reconstruct
the images of the subcellular regions inside
cells.’®" Despite these successes, the light
signals scattered from cells are often dis-
turbed by the signals from the extracellular
environment, because of the small differ-
ence in the refractive index between cells
and their environment." If the scattering
signals from individual cells can be en-
hanced relative to their extracellular envi-
ronment, the cell metabolic activities and
malfunctioning behaviors can then be ob-
served with light scattering in more details
or even monitored as a function of time.
The plasmon-induced concentration of
light onto the regions adjacent to metal
nanocrystals can in principle also be uti-
lized for enhancing the light scattering from
dielectric particles. In contrast to two previ-
ous works, where dielectric nanoparticles
are placed close to the metal surface and in
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Figure 1. (a—c) SEM images of the PS microspheres with av-
erage diameters of 1.04, 1.73, and 2.53 pum, respectively.
(d—f) SEM images of the HMSMSs with average outer diam-
eters of 1.22, 1.80, and 2.72 pum, respectively.

the gap between neighboring metal nanocrystals,
respectively,'®'” we demonstrate here the selective en-
hancement of the elastic light scattering signals from
hollow mesoporous silica microspheres (HMSMSs) by
taking advantage of the localized plasmon resonances
of Au nanocrystals. The coating of a dense layer of Au
nanocrystals onto HMSMSs induces both the shift and
intensity increase in the resonant scattering peaks of
the individual microspheres. The scattering spectrum
of the Au nanocrystal-decorated HMSMS is clearly not
the simple superposition of the scattering spectra from
the two constituents. The spectral region of the scatter-
ing intensity enhancement is controllable by using Au
nanocrystals with different surface plasmon resonance
wavelengths (SPRWs), irrespective of the microsphere
diameter. The scattering intensity enhancement in-
creases as the coated Au nanocrystals become larger.
The plasmon-modulated scattering behavior is further
revealed by chemically etching away the coated Au
nanocrystals. We believe that our results might open
up the possibilities for the real-time monitoring of the
functions and activities of live cells by decorating plas-
monic metal nanocrystals onto cell membranes.

RESULTS AND DISCUSSION

The HMSMSs were produced by growing mesostruc-
tured silica shells on preprepared polystyrene (PS) core
microspheres. The PS cores were made through disper-
sion polymerization of styrene in an ethanol—water
medium, as described previously.'® Their diameters
were adjusted by varying the chemical composition in
the reaction mixture. All of the obtained PS micro-
spheres have very narrow size distributions. Three PS
microsphere samples were used in this study. Their di-
ameters are 1.04 = 0.01, 1.73 = 0.02, and 2.53 = 0.03
wm, respectively (Figure Ta—c). The coating of mesos-
tructured silica shells on the PS microspheres was real-
ized through the hydrolysis and condensation of tetra-
ethyl orthosilicate (TEOS) in the presence of
cetyltrimethylammonium bromide (CTAB) as a
mesostructure-directing agent according to a previ-
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ously described procedure.” The coating of a uniform
silica layer in the absence of the surfactant was found to
be difficult. Calcination of the core—shell microspheres
produced the HMSMSs, which have uniform overall di-
ameters, as revealed by scanning electron microscopy
(SEM) imaging (Figure 1d—f and Supporting Informa-
tion Figure S1a,c,e). The shell thickness was measured
and the mesoporosity were corroborated by transmis-
sion electron microscopy (TEM) imaging on the deliber-
ately crushed HMSMSs (Supporting Information Fig-
ures S1b,d,f, and S2). The average overall diameters and
shell thicknesses of the three HMSMS samples used in
our experiments are 1.22 = 0.04 um/108 = 3 nm, 1.80
+0.02 um/77 = 4 nm, and 2.72 + 0.04 um/134 + 6
nm, respectively. The shell thickness is highly uniform
for each HMSMS and among different HMSMSs. In addi-
tion, the refractive index of the mesoporous silica shell
is estimated to be 1.39 from the measured pore vol-
ume'® when the HMSMSs are immersed in water. The
index ratio of the shell to water is calculated to be 1.05,
which is in the range of 1.02—1.10 for biologically rel-
evant structures.'® The appropriate refractive index pos-
sessed by the shell might therefore allow our HMSMSs
to be employed for modeling cells.

The scattering properties of the HMSMSs were inves-
tigated using the dark-field technique.?’ For the optical
measurements, the aqueous HMSMS dispersion was de-
posited in a sandwich structure made of two glass slides
and one poly(dimethylsiloxane) (PDMS) block. A square
hole was opened at the center of the PDMS block. The
HMSMS sample was maintained in an aqueous environ-
ment throughout the optical measurement. Each
HMSMS appears as a bright spot on the scattering im-
age (Figure S3, Supporting Information). The scattering
spectra from the different HMSMSs with the same aver-
age size nearly overlap with each other when they are
plotted together without intensity normalization (Fig-
ure S4, Supporting Information). The nearly identical
scattering spectra over the entire spectral range of de-
tection from 400 to 900 nm suggest that the HMSMSs
are very uniform in size in terms of their overall diam-
eters and shell thicknesses. Figure 2 shows the repre-
sentative scattering spectra of the individual HMSMSs
for the three differently sized samples. For each spec-
trum, a series of resonant scattering peaks are clearly
observable. As the diameter of the HMSMS is increased,
more resonant scattering peaks are observed in the
spectral range of detection. Similar scattering features
have been previously observed in mucosal tissue.”® Be-
cause the HMSMSs are immersed in water during the
scattering measurements, the small difference between
the refractive indices of water and the mesoporous
silica shell makes the HMSMSs good candidates for
modeling the scattering behaviors of biological struc-
tures. Mie theory extended to core—multishell struc-
tures based on the recursion algorithm?' was utilized
to simulate the scattering spectra of the individual
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Figure 2. Single-particle scattering spectra of the three dif-
ferently sized HMSMS samples. The black curves are ob-
tained from the calculations based on Mie theory.

HMSMSs (see Supporting Information for the calcula-
tion details). The calculated scattering spectra (Figure
2, black curves) are in good agreement with the experi-
mental ones. This result indicates that the light signal
collected above the individual HMSMSs from the solid
angle of 30°, which is determined by the numerical ap-
erture of the objective (Figure S5, Supporting Informa-
tion), originates from the resonant scattering in the
HMSMSs. The slight red shifts of the scattering peaks
on the measured spectra relative to those on the calcu-
lated spectra are believed to result from the use of
glass slides to support the HMSMSs during the scatter-
ing measurements, while the HMISMSs are assumed to
be surrounded uniformly with water in the calculations.
The inverses of the peak wavelengths are found to be
nearly equally spaced. The spacing between the in-
verses of the neighboring peak wavelengths is inversely
proportional to the diameter of the HMSMS. These re-
sults are similar to those of Fabry—Perot interferome-
ters, where the inverses of the reflection peak wave-
lengths are equally spaced, and the spacing is inversely
proportional to the distance between the two mirrors.
In addition, gas bubbles and dielectric microspheres
have also been approximated as Fabry—Perot interfer-
ometers made of two spherical mirrors in previous
backscattering studies.?>?* Taking these together, we
therefore believe that the resonant scattering peaks ob-
served on the HMSMSs can be essentially ascribed to
Fabry—Perot interference. The resonant peaks on the
scattering spectra detected under our geometrical
measurement configuration mainly result from the con-
structive interference between the light directly scat-
tered from the microsphere and that traveling a round
trip inside the microsphere. We also measured the scat-
tering spectra of the PS microspheres and uncalcined
PS core—mesostructured silica shell structures (Sup-
porting Information Figure S6). The overall scattering
intensities of both structures are 20—30 times larger
than those of the HMSMSs. In addition, the resonant
scattering peaks of the PS microspheres are barely re-
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solved. The growth of the mesostructured silica shell
makes the resonant scattering peaks distinguishable,
and the removal of the PS core generates the sharpest
scattering peaks.

Gold nanocrystals, including nanorods and nano-
spheres, were chosen for the enhancement of the reso-
nant scattering from the HMSMSs, because their sizes
and therefore their SPRWs can be readily controlled syn-
thetically. The preparation of Au nanorods employed a
seed-mediated method in conjunction with the short-
ening through anisotropic oxidation.?*? The prepara-
tion of Au nanospheres followed Frens’ method.?® To fa-
cilitate the deposition of the Au nanocrystals onto the
HMSMSs, the nanocrystals were functionalized with
thiol-terminated methoxypoly(ethylene glycol) (mPEG-
SH) according to a reported method.?” Figure 3 panels
a, d, g, and j show the TEM images of the PEGylated
Au nanosphere and three representative PEGylated Au
nanorod samples. The Au nanosphere sample has an
average diameter of 27 = 3 nm with an ensemble SPRW
of 526 nm (Figure 3¢, green curve), and the three nano-
rod samples have average diameters/lengths of 21 *
2/47 £5,19 £ 2/64 = 6,and 19 £ 1/78 = 6 nm, with
ensemble longitudinal SPRWs of 622, 756, and 853 nm
(Figure 3f,i,l, green curves), respectively. The PEGylated
Au nanocrystals were adsorbed onto the HMSMSs sim-
ply by mixing them together and subjecting the mix-
ture solution to vigorous shaking for 10 min.

As an example, Figure 3 panels b,e,h, and k show the
SEM images of the 1.80-pum HMSMSs decorated with the
four Au nanocrystal samples. The large-area SEM images
of the same samples are shown in Figure S7 in Supporting
Information. The Au nanocrystals are uniformly distrib-
uted on the surface of each HMSMS. The numbers of the
Au nanocrystals are estimated to be 4500, 4400, 4300, and
4100 per HMSMS, which correspond to surface area cov-
erage percentages of 32%, 42%, 51%, and 59%, respec-
tively (see Experimental Methods for how to estimate the
surface area coverage percentage). The uniform deposi-
tion of the Au nanocrystals on the HMSMSs is believed to
arise from the interaction between the grafted polymer
chains and the silica surface.” An intimate contact be-
tween the polymer chains and the silica surface can re-
duce the interfacial energy between the polymer chains
and water. Compared to the ensemble extinction spectra
of the PEGylated Au nanocrystals, those of the Au
nanocrystal-decorated HMSMSs exhibit both red shifts
and considerable peak broadening (Figure 3 panels ¢, f, i,
and |, red curves). The red shifts and peak broadening in
the plasmon resonance are ascribed to the increase in the
refractive index of the surrounding medium of each Au
nanocrystal and the plasmon resonance coupling among
neighboring Au nanocrystals when they are adsorbed
on the HMISMSs. The extent of the peak broadening in-
creases as the Au nanocrystals become larger, reflecting
the increase in the plasmon coupling strength. The in-
creased plasmon coupling strength is ascribed to the re-
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Figure 3. (a—c) The HMISMSs decorated with the Au nano-
spheres that have a SPRW of 526 nm: (a) TEM image of the
PEGylated Au nanospheres; (b) SEM image of a single
HMSMS decorated with a dense layer of the Au nanospheres;
(c) extinction spectra of the PEGylated Au nanosphere
sample (green) and the Au nanosphere-decorated HMSMS
sample (red), and the scattering spectrum from a single
HMSMS decorated with the Au nanospheres (blue).

(d—f) Corresponding data for the HMISMSs decorated with
the Au nanorods that have a longitudinal SPRW of 622 nm.
(g—i) Corresponding data for the HMSMSs decorated with
the Au nanorods that have a longitudinal SPRW of 756 nm.
(j—1) Corresponding data for the HMSMSs decorated with
the Au nanorods that have a longitudinal SPRW of 853 nm.
The average diameter is 1.80 pm for all of the HMSMS
samples. The spectra are vertically shifted for clarity. The ver-
tical dashed lines indicate the resonant scattering peaks of
the HMSMSs decorated with the differently sized Au
nanocrystals.

duction in the average spacing between the Au nano-
crystals on the HMSMSs, because the surface area
coverage of the Au nanocrystals is increased as the nano-
crystal size gets larger.

The scattering properties of the HMSMSs are drasti-
cally altered after the decoration of the Au nanocrystals
(Figure 3 panels ¢, f, i, and |, blue curves). The resonant
scattering from the individual HMSMSs is found to be se-
lectively enhanced. As the ensemble SPRW of the ad-
sorbed Au nanocrystals gets longer, the resonant scatter-
ing peaks in the shorter-wavelength region become
weaker, and those in the longer-wavelength region be-
comes stronger. The overall enhancement region nearly
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overlaps with the ensemble plasmon resonance peak. As
a result, the resonant scattering enhancement can be tai-
lored from the visible to near-infrared spectral region by
using Au nanocrystals with different SPRWs. The enhance-
ment region caused by the Au nanospheres appears red-
shifted in comparison to the ensemble plasmon peak.
This can be ascribed to two factors. One is that the scat-
tering peak of the Au nanospheres is red-shifted in com-
parison to the extinction peak (Figure S8, Supporting In-
formation), as shown by finite-difference time-domain
calculations (see Supporting Information for the calcula-
tion details). The other is the relatively small enhance-
ment factors caused by the Au nanospheres (see below).
The enhancement region seems to cover a wide spectral
range. In fact, the maximum enhancement region for the
Au nanospheres is in the range of 560—640 nm. The spec-
trally selective enhancement of the resonant scattering
can be understood by considering the light concentra-
tion capability of plasmonic Au nanocrystals. When the
Au nanocrystals are adsorbed on the surface of the
HMSMSs, the excitation light in the spectral region of the
plasmon resonance is concentrated to the spatial region
close to the Au nanocrystals and coupled into the
HMSMSs. The light travels a round trip inside the HMSMSs
and interferes constructively with the light directly scat-
tered from the Au nanocrystals, producing the resonant
peaks on the far-field scattering spectra. We have tried to
use Mie theory to simulate the scattering spectra of the
Au nanocrystal-decorated HMSMSs, but have so far been
unsuccessful. The main difficulty lies in that the dielectric
function of the adsorbed Au nanocrystal layer cannot be
well-defined. In addition, the scattering spectra acquired
from the different microspheres for the same Au
nanocrystal-decorated HMISMS sample are very similar to
each other in terms of both the scattering intensity and
spectral shape (Supporting Information Figure S9). This
result suggests that the overall coating of the Au nano-
crystals is very uniform on the different HMSMSs with the
same diameter.

We further demonstrated that the selective en-
hancement of the resonant scattering by the adsorbed
Au nanocrystals is independent of the diameter of the
HMSMSs. Figure 4 panels a, ¢, and e show the represen-
tative SEM images of the 1.22-, 1.80-, and 2.72-pm
HMSMSs decorated with the same Au nanorod sample
that have a longitudinal SPRW of 708 nm (Figure 4 pan-
els b, d, and f, green curves), respectively. The three Au
nanorod-decorated HMSMS samples exhibit very simi-
lar extinction spectra (Figure 4 panels b, d, and f, red
curves), suggesting that the distribution of the Au nano-
rods on the HMSMSs is insensitive to the surface curva-
ture. This is also consistent with the estimated surface
area coverage percentages, which are 48%, 48%, and
46% for the 1.22-, 1.80-, and 2.72-pm HMSMSs, respec-
tively. Although the scattering signatures have been
shown to be highly dependent on the size of the
HMSMSs, only the resonant scattering peaks close to
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Figure 4. Comparison of the resonant scattering among the
differently sized HMSMSs that are coated with the same Au
nanorod sample with a longitudinal SPRW of 708 nm:

(a, b) 1.22-pum HMSMSs; (c, d) 1.80-wm HMSMSs; (e, f) 2.72-pum
HMSMSs. Shown at the left side are the SEM images. The ex-
tinction and scattering spectra are shown at the right side. The
green curves are the extinction spectra of the PEGylated Au
nanorod sample. The red curves represent the extinction spec-
tra of the Au nanorod-decorated HMSMS samples. The blue
curves are the scattering spectra of the individual Au nanorod-
decorated HMSMSs. The spectra are vertically shifted for
clarity.

the plasmon resonance are strongly enhanced (Figure
4 panels b, d, and f, blue curves). Therefore the resonant
scattering enhancement is independent of the size of
the original particles. Such plasmon-modulated scatter-
ing enhancements can be utilized to adjust scattering
signals to the target wavelength region by using noble
metal nanocrystals with different SPRWs.

The scattering enhancement factors and spectral
shifts arising from the plasmon resonance were finally
ascertained by gradually etching away the Au nano-
crystals adsorbed on the HMSMSs through an oxida-
tion reaction with H,0, as the oxidizing agent.?® The
scattering spectra from the individual HMSMSs were re-
corded as a function of time during the etching pro-
cess. SEM imaging was also performed on the Au
nanocrystal-decorated HMSMSs that were deposited
on silicon substrates and immersed in the H,0, solu-
tion for varying periods of time. The SEM images (Fig-
ure 5a—f) indicate that the chemical etching process
lasts for ~150 min. A careful inspection of the SEM im-
ages reveals that the etching involves both the detach-
ment and oxidation of the Au nanocrystals. The detach-
ment can be attributed to the oxidation of the thiol
group, which leads to the cleavage of the sulfur—gold
bond and therefore the separation of the mPEG poly-
mer chains from the Au nanocrystals. The SEM imaging
also shows that the Au nanocrystals are aggregated to-
gether to form clusters on the surface of each HMSMS.
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Figure 5. Real-time monitoring of the evolution of the scat-
tering spectra during chemical etching. (a—f) SEM images of
the 1.80-pum, Au nanorod-decorated HMSMSs undergoing
the chemical etching for a varying period of time. The longi-
tudinal SPRW of the Au nanorod sample is 756 nm. (g) Scat-
tering spectra of a single HMSMS recorded every 10 min dur-
ing the etching. The black and red curves correspond to
the scattering spectra taken at the start and end of the etch-
ing. The inset shows the spectral region from 420 to 600
nm in a magnified view.

The Au nanocrystal aggregation is believed to be
caused by the drying process after the silicon sub-
strate carrying the HMSMSs was pulled out of the etch-
ing solution. The oxidation of Au nanocrystals with
H,0, has been demonstrated previously.? During the
oxidation, the Au nanocrystals are observed to first
shrink in size gradually and finally completely dissolved.
Figure 5g shows the evolution of the scattering
spectra of a 1.80-um HMSMS decorated with the Au
nanorods with a longitudinal SPRW of 756 nm. The reso-
nant scattering peaks decrease rapidly in intensity
when the Au nanorods are detached away from the
HMSMS. The intensity decrease is accompanied with a
small blue shift in the resonant scattering peaks. This
trend is also observed on the 1.80-pm HMSMSs deco-
rated with the Au nanocrystals that have other SPRWs
(Supporting Information Figure S10a—c). After the Au
nanocrystals are completely etched away, the scatter-
ing spectra of the HMSMSs return to those of the corre-
sponding bare HMSMSs (Supporting Information Fig-
ure S10d). Moreover, the scattering spectra of the
HMSMSs obtained after the complete etching of the
Au nanocrystals are nearly the same as those of the cor-
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responding HMSMSs before the decoration of the Au
nanocrystals (Supporting Information Figure S10e).
These observations suggest that the HMSMSs are well
preserved throughout the Au nanocrystal decoration
and chemical etching processes.

The complete etching of the Au nanocrystals allows
us to determine the scattering enhancement factor,
which is calculated by taking the ratio between the in-
tensity of the strongest resonance peak before the etch-
ing and that of the corresponding resonance peak
after the etching. For the 1.80-pum HMSMSs decorated
with the Au nanocrystals with SPRWs of 526, 622, 756,
and 853 nm, the enhancement factors are determined
to be 20, 77, 87, and 127, respectively. The enhance-
ment factor is found to be in a direct correlation with
the surface area coverage percentage of the Au nano-
crystals on the 1.80-pum HMSMSs. On the other hand,
the numbers of the Au nanocrystals on a single 1.80-pum
HMSMS have been estimated to be 4500, 4400, 4300,
and 4100 for the Au nanocrystals with SPRWs of 526,
622, 756, and 853 nm, respectively. Taking into account
this fact suggests that the nanocrystal size and there-
fore the scattering cross section of the metal nanocrys-
tal play a more important role in the resonant scattering
enhancement.

The spectral shift of the resonant scattering peaks ac-
companying the scattering intensity enhancement is
more clearly discernible by plotting together the normal-
ized scattering spectra recorded before and after the
etching (Figure 6). For example, for the 1.80-pm HMSMSs,
the decoration of the Au nanocrystals with a SPRW of
756 nm causes the resonant scattering peaks at 438, 480,
538, 607, and 699 nm of the bare HMISMSs to red-shift
by 28, 37, 32, 54, and 50 nm, respectively (Figure 6c). This
spectral shift can be ascribed to the resonant scattering
mode modification by the plasmon resonance of the ad-
sorbed Au nanocrystals. The scattering of the adsorbed
Au nanocrystals can change the phase and optical path
of the light. In addition, the enhanced scattering signal in
the selective spectral region cannot be attributed to a
simple superposition of the scattering from both the
HMSMS and the ensemble of the adsorbed Au nanocryst-
als. Otherwise, the scattering spectra from the Au
nanocrystal-decorated HMSMSs will appear as an over-
lap of a series of weak peaks from the HMSMS with a
much stronger, plasmon-induced peak of the ensemble
of the Au nanocrystals. Furthermore, Figure 6 shows
clearly that the overall scattering enhancement region
red-shifts as the SPRW of the adsorbed Au nanocrystals

EXPERIMENTAL METHODS

Preparation of Monodisperse PS Microspheres. Monodisperse PS
microspheres with different diameters were prepared by disper-
sion polymerization of styrene with poly(vinyl pyrrolidone) (PVP,
My, = 55000) as a steric stabilizer and 2,2'-azobis(2-
methylpropionitrile) (AIBN) as a radical initiator in an
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Figure 6. Normalized scattering spectra recorded on the
HMSMS before (black) and after (red) the etching. The
HMSMSs have an average diameter of 1.80 um and are deco-
rated with (a) the Au nanospheres with an ensemble SPRW
of 526 nm, (b) the nanorods with a longitudinal SPRW of 622
nm, (c) the nanorods with a longitudinal SPRW of 756 nm,
and (d) the nanorods with a longitudinal SPRW of 853 nm,
respectively.

becomes longer, corroborating the selective enhance-
ment of the scattering from the HMISMSs.

CONCLUSIONS

We have shown that the resonant scattering from the
individual HMSMSs can be enhanced by the plasmon
resonance of the Au nanocrystals that are adsorbed on
the surface of the HMSMSs. The enhancement factor
ranges from 20 to 130, depending on the plasmonic prop-
erties and surface coverage of the adsorbed Au nano-
crystals. Moreover, the spectral region of the scattering
enhancement can be controlled by the SPRW of the ad-
sorbed Au nanocrystals. The resonant scattering peaks
close to the plasmon resonance exhibit the strongest en-
hancement. These results will be useful for the use of the
localized surface plasmons to concentrate light for im-
proving the harvesting efficiency of the solar energy. Our
approach may also open up possibilities for the real-time
monitoring of the functions and metabolic activities of
live cells by the use of localized surface plasmons to en-
hance the light scattering from the cells.

ethanol—water medium. The reaction compositions for the
preparation of the three differently sized PS microsphere
samples are listed in Table 1. All of the chemicals, including sty-
rene, PVP, AIBN, ethanol, and water, were added to a 250-mL,
three-necked, round-bottom flask equipped with a reflux con-
denser and a nitrogen gas inlet. The air in the flask was replaced
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TABLE 1. Reaction Compositions for the Preparation of the
PS Microspheres

diameter (um)  styrene (mL) AIBN(g) PVP(g) ethanol (mL) water (mL)
1.04 10 0.1 225 95 3
1.73 20 0.2 1.50 95 3
2.53 30 0.3 2.25 95 3

by a stream of nitrogen, and the mixture was kept under nitro-
gen until the polymerization was finished. The dispersion polym-
erization was carried out at 70 °C for 24 h, and the stirring rate
was set at 120 rpm.

Preparation of HMSMSs. The reaction compositions for the coat-
ing of mesostructured silica on the PS microspheres are given
in Table 2, where CTAB was employed as the structure-directing
agent and TEOS was employed as the silica precursor. In a typi-
cal synthesis of the 1.8-pum HMSMSs, the 1.73-pum PS micro-
sphere sample (0.96 g) was first dispersed in a mixture contain-
ing ethanol (60 mL), water (50 mL), and NH; - H,O (0.8 mL, 28 wt
%). A solution of CTAB (0.48 g) dissolved in a mixture contain-
ing water (8 mL) and ethanol (4 mL) was then added. After the
mixture solution was stirred for 30 min, TEOS (0.86 mL) was
quickly added, followed by stirring for 3 min. The mixture was
thereafter kept undisturbed overnight. The product was col-
lected by filtration and then calcined at 550 °C for 6 h with a
ramp rate of 1 °C-min~' to remove PS and CTAB templates.

Growth of Au Nanorods. The Au nanorods were grown using a
seed-mediated method. The seed solution was prepared by add-
ing a freshly prepared, ice-cold aqueous NaBH, solution (0.6
mL, 0.01 M) into an aqueous mixture solution made of HAuCl,
(0.25 mL, 0.01 M) and CTAB (9.75 mL, 0.1 M). The resultant solu-
tion was mixed by rapid inversion for 2 min and then kept at
room temperature for at least 2 h before use. The growth solu-
tion was made by first mixing together HAuCl, (2 mL, 0.01 M),
AgNO; (0.4 mL, 0.01 M), and CTAB (40 mL, 0.1 M). A freshly pre-
pared aqueous ascorbic acid solution (0.32 mL, 0.1 M) was then
added, followed by the addition of an aqueous HCl solution (0.8
mL, 1.0 M). After the resultant solution was mixed by inversion,
the seed solution (96 L) was then added. The reaction mixture
was subjected to gentle inversion for 10 s and then left undis-
turbed for at least 6 h. The as-grown Au nanorods have an en-
semble longitudinal SPRW of 853 nm, and the particle concentra-
tion is estimated to be ~0.2 nM. The Au nanorods with
longitudinal SPRWs of 756, 708, and 622 nm were prepared
through anisotropic oxidation of the nanorod sample with a lon-
gitudinal SPRW of 853 nm. For oxidation, an aqueous solution
(0.2 mL, 1.0 M) was added in the as-grown nanorod solution
(10 mL), followed by bubbling O, into the mixture solution for 1
min. The mixture solution was then kept uncapped in an isother-
mal oven at 65 °C for 2—25 h. The longitudinal SPRW of the Au
nanorods became shorter with the increase in the oxidation
time. After oxidation, the Au nanorods were precipitated by cen-
trifugation and then redispersed in aqueous CTAB solutions (0.1
M) at the same volume.

Growth of Au Nanospheres. The citrate-stabilized Au nanospheres
were synthesized according to Frens’ method. Typically, an aque-
ous trisodium citrate solution (3 mL, 0.01 g-mL™") was added
to a boiling aqueous HAuCl, solution (150 mL, 0.25 mM). The
mixture was kept boiling for 10 min and then cooled down
naturally.

PEGylation of the Au Nanocrystals. For the Au nanorods capped
with CTAB, excess CTAB was first removed to ensure successful

PEGylation. Specifically, the as-grown Au nanorods in 0.1 M
aqueous CTAB solutions (5 mL) were centrifuged at 6300g for
10 min and then redispersed in deionized water (5 mL). To this
Au nanorod solution was added an aqueous mPEG-SH (My, =
5000, Rapp Polymere GmbH, 0.25 mL, T mM for the polymer).
The mixture was left undisturbed for 6 h. Excess mPEG-SH was re-
moved by centrifugation at 6300g for 10 min. The Au nanorod
precipitate was washed once with water (5 mL) by centrifuga-
tion at the same condition and then redispersed in water (1 mL)
for further use. For the citrate-stabilized Au nanospheres, the
agqueous mMPEG-SH solution (0.25 mL, T mM) was added to the as-
prepared nanosphere solution (20 mL). The mixture was left un-
disturbed for 6 h and then washed twice with water by centrifu-
gation at 8000g for 10 min. The Au nanospheres were finally
redispersed in water (1 mL).

Adsorption of the PEGylated Au Nanocrystals onto the HMSMSs. The PE-
Gylated Au nanocrystals were washed with water and concen-
trated to ~1 nM. The concentrated nanocrystal solution (1 mL)
was then mixed with the HMSMS dispersion (0.1 mL, 1
mg - mL™"). After the mixture was vigorously shaken with a vor-
tex mixer for 10 min, the Au nanocrystal-decorated HMSMSs
were collected by centrifugation and washed twice with water
to remove the excess nanocrystals in the solution. The surface
area coverage percentage of the adsorbed Au nanocrystals was
estimated according to the total number of the adsorbed Au
nanocrystals and the nanocrystal size. The number of the ad-
sorbed Au nanocrystals in a certain area, for example, 300 nm
by 300 nm, in the central part of the microsphere was first
counted on the SEM image. The total number of the adsorbed
Au nanocrystals was then calculated from the total surface area
of the microsphere. The average size of the Au nanocrystals was
measured from their TEM images. For their average size, we esti-
mated the area of each nanocrystal projected onto the micro-
sphere surface. The total surface area coverage was the product
between the total number of the adsorbed nanocrystals and the
projected area of each nanocrystal, and the surface area cover-
age percentage was the ratio between the total covered surface
area and the total surface area of the microsphere.

Characterization. The measurements of the extinction spectra
were performed on a Hitachi U-3501 UV —visible/NIR spectro-
photometer with quartz cuvettes that have an optical path
length of 0.5 cm. The SEM images were taken on an FEI Quanta
400 FEG microscope. The TEM imaging was performed on an FEI
CM120 microscope at 120 kV. The scattering images and spec-
tra of the individual microspheres were measured on a dark-field
optical microscope (Olympus BX60) that was integrated with a
quartz—tungsten—halogen lamp (100 W), a monochromator
(Acton SpectraPro 2300i), and a charge-coupled device camera
(Princeton Instruments Pixis 512B). The camera was thermoelec-
trically cooled to —30 °C during the measurements. An Olympus
LMPIlanFI dark-field objective (50%; numerical aperture, 0.50)
was employed for both illuminating the microspheres with the
white excitation light and collecting the scattered light. The scat-
tered light from the individual microspheres were corrected by
first subtracting the background spectra taken from the adjacent
regions without microspheres and then dividing them with the
calibrated response curve of the entire optical system. For the
optical measurements, an aqueous HMSMS dispersion (10 uL,
0.01 mg-mL™") was deposited at the center of a glass slide that
is 0.16—0.19 mm thick. A 5-mm thick PDMS block with a 1 cm X
1 cm hole at the center was placed on the glass slide. The hole
with a volume of 0.5 mL was filled with water and covered with
another glass slide. The entire sandwich structure was then
placed on the optical stage with the slide carrying the HMSMSs

TABLE 2. Reaction Compositions for the Coating of Mesostructured Silica on the PS Microspheres

diameter (p.m)/shell PS microsphere size

thickness (nm)” (um)/weight (g) ethanol (mL)
1.22/108 1.04/0.40 64
1.80/77 1.73/0.96 64
2.72/134 2.53/0.96 64

“The diameter and shell thickness refer to the values measured after the calcination.
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water (mL) NH; - H,0 (28 wt %, mL) (TAB (9) TEOS (mL)
58 08 048 0.86
58 08 0.48 0.86
58 08 0.60 108
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facing the objective. The scattering spectra of the Au
nanocrystal-decorated HMISMSs were acquired in a similar way.
For the measurement of the time-dependent scattering spectra
during the chemical etching process, the HMSMSs decorated
with the Au nanocrystals (10 wL, 0.01 mg - mL™") were first trans-
ferred into the sandwich structure composed of two glass slides
and one PDMS block. An acidic H,0, solution (0.5 mL, 0.3 wt %)
containing 0.05 M NaBr and 0.01 M HCl was then quickly in-
jected into the hole at the center of the PDMS block. The
measurement of the scattering spectra was conducted immedi-
ately after the injection.
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