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T
he conduction band electrons of
metal nanoparticles collectively os-
cillate upon interaction with electro-

magnetic radiation of an appropriate fre-

quency. These oscillations are known as

localized surface plasmons, and this phe-

nomenon is the basis of localized surface

plasmon resonance spectroscopy (LSPR).1,2

For some noble metals, especially Au and

Ag, the frequency of these collective oscilla-

tions matches that of visible or near-

infrared light, leading to a strong absor-

bance or scattering in that region. The par-

ticular wavelength of maximum extinction

(�max) is well-known to depend on the com-

position, size, and shape of the nanostruc-

ture as well as the refractive index of the

surrounding environment.1,2 Accordingly,

many researchers have exploited the opti-

cal properties of metal nanostructures for

chemical and biosensing applications. The

detection of a molecular analyte of interest

is possible by functionalizing a metal nano-

structure with an appropriate receptor,

which leads to selective binding of the mo-

lecular analyte and, if a local change in the

refractive index occurs, a shift in �max of the

LSPR band. This strategy has been used pre-

viously to detect proteins,3�9 DNA,10�12 va-

por molecules,13 polymers,14 and metal

ions.15,16 The magnitude of the shift in �max

depends on the number of bound analyte

molecules, their distance from the metal

nanostructure, the difference between the

refractive index of the analyte and the glo-

bal environment, the size of the analyte, the

bulk refractive index sensitivity of the nano-

structure, and the location of the binding

analyte.17

Our group has been interested in con-

trolling and directly measuring the binding

location of proteins on metal nanostruc-
tures and correlating that with the change
in �max in the LSPR spectrum. We recently
reported on the controlled attachment of
human anti-IgG to the edge and vertex sites
of Au nanostructures.18 In that work, we
synthesized Au nanostructures directly on
surfaces that were �77% Au nanospheres
and �23% Au nanoplates. The optical data
showed that preferential binding of anti-IgG
to the edge and vertex sites of these nano-
structures led to dramatically higher
changes in �max compared to random bind-
ing on terrace sites. For the first time, we
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ABSTRACT Here we describe the synthesis and purification of Au nanoplates grown directly on surfaces by a

chemical seed-mediated growth method. The synthesis involves the attachment of 3�5 nm diameter Au

nanoparticle (NP) seeds onto glass and Si/SiOx surfaces and their subsequent growth into larger Au nanostructures

by the chemical reduction of AuCl4
� with ascorbic acid in the presence of cetyltrimethylammonium bromide

(CTAB). We used two different growth solutions. Growth solution 1 (GS1) led to a sample with 74% Au nanospheres

and 26% Au nanoplates, while growth solution 2 (GS2), with lower CTAB and higher ascorbic acid concentration,

led to 56% nanospheres and 44% nanoplates. The average wavelength of maximum extinction (�max) of the

localized surface plasmon resonance (LSPR) band of these samples was 549 and 627 nm, respectively. The use of

adhesive tape or sonication enables the preferential removal of spherical Au nanostructures in both cases, leaving

samples with >90% Au nanoplates. The average �max increased to 672 nm (GS1) and 664 nm (GS2) for taped

samples and 780 nm (GS1) and 720 nm (GS2) for sonicated samples, consistent with a higher purity of Au

nanoplates on the surface. In all cases, the purified nanoplates vary in size and shape, including triangular, circular,

or hexagonal structures, leading to broad spectra or the appearance of multiple peaks. We tuned the average

�max of the LSPR band of the Au nanoplate samples from 540 to 780 nm by varying the sonication time from 0 to

135 s. The change in �max upon binding of anti-IgG to the edges of the purified nanoplates increases with an

increasing number of anti-IgG on the edges, is 4�8 times larger compared to that of spherical nanoparticles,

and is larger for samples purified by sonication compared to taping because the former has a larger initial �max.

A sample of Au nanoplates purified by taping and functionalized with anti-IgG at the edge sites displayed a shift

in �max as large as 45 nm for a 10 pg/mL solution of IgG (<1 pM).

KEYWORDS: localized surface plasmon resonance (LSPR) · gold · nanoplates ·
AFM · biosensing · immunoassay · nanoparticles · plasmonics · spectroscopy
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correlated the LSPR spectra with atomic force micros-
copy (AFM) images that confirmed the location of bind-
ing (edges, vertices, or terraces). The main drawback of
this work was that we correlated the binding location
obtained from AFM images of smooth Au nanoplates
with LSPR spectra dominated by the 77% Au nano-
spheres. While we concluded that the binding location
on the Au nanoplates reflected the binding location on
Au nanospheres, we still lack a direct correlation be-
tween protein binding location and the LSPR spectrum
on Au nanoplates. Accordingly, our goal in this work
was to synthesize samples of nearly pure Au
nanoplates.

Au nanoplates are the ideal metal nanostructure for
determining the effect of binding location on the shift
in �max of the LSPR spectrum because they (1) are atomi-
cally smooth, which allows easy visualization of mol-
ecules attached to the surface by AFM, and (2) have dif-
ferent sites with different LSPR properties. We already
demonstrated imaging the location of human anti-IgG
bound directly on Au nanoplates, and others have
shown by theoretical calculations19 and electron en-
ergy loss spectroscopy (EELS)20 that the electromag-
netic field strength of the localized surface plasmons in-
creases in the order of vertex sites � edge sites �

terrace sites of metal nanoplates. The energy of the sur-
face plasmons depends on the exact size and shape of
the nanoplate but generally follows the order vertex �

edge � terrace.20 There have been some qualitative
studies showing location-dependent shifts in �max upon
analyte binding to metal nanostructures3,10 but none di-
rectly correlating the location of the bound analyte
with the LSPR spectrum of the same sample on nano-
plates or other structures. In this article, we describe
two new methods for the synthesis and purification of
Au nanoplates directly on surfaces that allowed us to
measure the shift in the LSPR �max upon human anti-
IgG binding and correlate it to AFM images showing the
anti-IgG coverage and binding location.

Several methods exist for synthesizing Au and Ag
metal nanoplates in solution or directly on surfaces.
Solution-based methods for synthesizing Au nano-
plates include chemical, electrochemical,21 and
photochemical22,23 reduction of a Au complex (usually
AuCl4

�) in the presence of a stabilizer. Some common
chemical reducing agents include ethylene glycol,24�26

a polyamine,27,28 lemongrass extract of a plant,29 polyvi-
nylpyrrolidone (PVP),30 ascorbic acid,31 tartaric acid,22

sodium citrate,32�34 salicylic acid,35 natural humic sub-
stance,36 and formaldehyde37 in the presence of stabiliz-
ers, such as cetyltrimethylammonium bromide (CTAB),
cetyltrimethylammonium chloride (CTACl), PVP, or ionic
liquids. The chemical reduction often involved
heating,22,24�26,28,30,32�36 and in some cases, the reduc-
ing agent and stabilizer are the same.28,30,36,38 Au nano-
plates have also been synthesized within PVA polymer
films38 where PVA is also the stabilizer, in ionic liquids39

with heating, and in liquid crystals made of block co-
polymers40 at room temperature. Photochemical meth-
ods used CTACl and PVA as stabilizing agents,22,23 and in
one case, laser ablation of solid Au metal in solution
led to Au nanoplates.41 Solution-based chemical meth-
ods for synthesizing Ag metal nanoplates involve the la-
ser ablation of Ag metal41 or chemical reduction of
Ag� by PVP30,42 and dimethylformamide43 through
heating in the presence of a stabilizer. Light44�48 and
heat49 induced conversion of nanospheres to nano-
plates, and heat50 and light51�53 induced shape changes
of nanoplates have also been reported. Several groups
have reported the chemical seed-mediated synthesis of
Au and Ag nanoplates in solutions.54�60 High yields of
Ag nanoplates (�95%)54 and Au nanoplates (96%)26 in
solution have been reported both with59 and
without26,54 purification. The main disadvantage of the
synthesis of nanoplates in solution is that they need to
later be assembled on a surface for various sensor or
other plasmonic-based applications. The large excess
of surfactant or polymer usually present can often make
the assembly of well-isolated nanoplates on surfaces a
challenge. Han and co-workers recently assembled Ag
nanoprisms by two different methods on a surface from
solution and observed their different optical proper-
ties,61 but this has not yet been reported for Au
nanoplates.

There are examples of synthesizing Au and Ag nan-
oplates directly on a surface.18,62�67 Van Duyne and co-
workers pioneered the use of nanosphere lithography
(NSL), a method to fabricate well-ordered arrays of Ag,
Cu, and Al nanoplates directly on surfaces by vapor
deposition of the metal of interest through an ordered
array of polymeric spheres acting as a mask.67�69 Our
group and others previously reported on the use of
seed-mediated growth of Au or Ag nanoplates directly
on surfaces.18,62,63,65,66 The general synthesis involves
deposition of seed onto the surface and growth of
these nanoparticle seeds into nanoplates by the reduc-
tion of metal salt in the presence of a stabilizer (CTAB
or PVP). Geddes and co-workers reported an 80% yield
for Ag nanoplates,62 and others reported a 30�60%
yield for Au nanoplates.65,66 Sun et al. reported a high-
yield, size-controlled synthesis of Ag nanoplates by gal-
vanic exchange directly on an n-type semiconductor
substrate.64 Nanoplates have been utilized in various
applications, including catalysis,70�72 surface-enhanced
Raman spectroscopy (SERS),36 and LSPR-based biosens-
ing.3

Here we describe the seed-mediated synthesis of
Au nanoplates directly on glass and Si/SiOx surfaces us-
ing two different methods with yields ranging from 26
to 44%, where the majority of the surface contains
spherical Au nanoparticles. Importantly, we report the
use of adhesive tape and sonication to selectively re-
move the spherical nanoparticles, resulting in surfaces
with �90% Au nanoplates. This method is beneficial
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over NSL in that it is an all-chemical benchtop ap-
proach that does not require as many steps or high
vacuum metal evaporation systems. Although NSL
leads to highly uniform structures on the surface, the
nanoplates synthesized by our method are well-isolated
from one another and highly crystalline. Our purifica-
tion strategy leads to a higher yield of nanoplates on
the surface when compared to other seed-mediated
growth methods directly on surfaces. While it may be
possible to synthesize Au nanoplates in solution in high
yield and assemble them onto surfaces, we have not
found any literature examples and believe our method
will be better for assembling well-isolated nanoplates
on surfaces with no aggregation. To demonstrate the
significance of our synthesis and purification strategy
for biosensing, we attached human anti-IgG to the edge
and vertex sites of the purified Au nanoplates and cor-
related the change in �max with the binding location
and coverage as determined by AFM. Finally, we show
that the �max of purified Au nanoplates on glass func-
tionalized with human anti-IgG selectively on edge and
vertex sites is highly sensitive to �1 pM IgG (10 pg/
mL). Our simple benchtop chemical synthesis, function-
alization, and purification method leads to highly sensi-
tive devices for optical-based protein detection that
may find use in future biomedical applications.

RESULTS AND DISCUSSION
Synthesis of Au Nanoplates Directly on Surfaces. We synthe-

sized Au nanostructures directly on glass and Si/SiOx

surfaces using a similar seed-mediated growth proce-
dure described by our group previously,73�77 which is
based on the solution seed-mediated synthesis of Au
nanorods described by Murphy and co-workers.78 In our
procedure, we deposited 4 nm average diameter Au
“seed” nanoparticles onto thiol-functionalized glass or
Si/SiOx substrates and then grew these seeds into larger
nanostructures by electroless reduction of AuCl4

� onto
the seeds with ascorbic acid in the presence of cetyltri-
methylammonium bromide (CTAB). Figure 1A,B shows
scanning electron microscopy (SEM) images of Si/SiOx

substrates prepared in this way using two different
growth solutions. We grew the Au nanostructures in
Figure 1A in growth solution 1 (GS1), which contained
9 mL of 0.10 M CTAB, 450 �L of 0.01 M HAuCl4, and 50
�L of 0.1 M ascorbic acid, and grew those in Figure 1B in
growth solution 2 (GS2), which contained 9 mL of 0.016
M CTAB, 450 �L of 0.01 M HAuCl4, and 150 �L of 0.2 M
ascorbic acid.

The bright features in the images correspond to in-
dividual or small aggregates of spherical Au nanoparti-
cles, and the darker circular, hexagonal, or triangular
structures are Au nanoplates, as indicated in the im-
ages. We define the Au nanoplates as structures with
an aspect ratio greater than 2, with the aspect ratio de-
fined as the width of the nanoplate divided by the
height. We determined the average width, height, and

aspect ratio of the nanoplates using AFM or a combina-
tion of SEM (for width measurement) and AFM (for
height measurement). The average width, height, and
aspect ratio were 203 � 50 nm, 37 � 12 nm, and 6.1 �

2.5, respectively, based on AFM images and 163 � 46
nm, 37 � 12 nm, and 4.4 � 1.9, respectively, based on
combined SEM and AFM images for nanoplates synthe-
sized by GS1. These values were 214 � 46 nm, 31 � 5
nm, and 7.1 � 2.1, respectively, based on AFM and 184
� 43 nm, 31 � 5 nm, and 5.9 � 1.7, respectively, based
on AFM and SEM for nanoplates synthesized by GS2.

Figure 1. Scanning electron microscopy (SEM) images of Au
nanostructures grown directly on Si/SiOx by (A) growth solu-
tion 1 and (B) growth solution 2. (C) LSPR spectra of Au nano-
structures grown on glass with growth solutions 1 and 2.
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The nanoplates synthesized by GS2 have a higher as-
pect ratio compared to those synthesized by GS1, and
the aspect ratio is smaller in both cases based on the
SEM measurements due to the smaller average width
values, which is likely due to an exaggerated width in
the AFM images due to the radius of curvature of the
AFM tip. Table S1 of the Supporting Information shows
all of the statistics of the dimensions and aspect ratio
of the Au nanoplates.

The yields of Au nanoplates were 26 and 44% for
samples prepared with GS1 and GS2, respectively. The
amount of AuCl4

� was equal in both growth solutions,
but the CTAB concentration was lower by a factor of
�6, and the ascorbic acid concentration was larger by
a factor of 6 in GS2. It is not clear at this time why this
particular change in growth solution led to a larger yield
of Au nanoplates. We previously used GS1 with a differ-
ent source of CTAB for growing Au nanorods directly
on surfaces.73�77 With this particular CTAB source, we
found a large yield of Au nanoplates on the surface.
Others have recently shown that the type of Au nano-
structures grown by seed-mediated growth in the pres-
ence of CTAB is sensitive to the source of CTAB (see
Methods for more details).79 Understanding the role of
the CTAB source is an important issue but not the focus
of this study. Our focus was to demonstrate a method
for purifying the Au nanoplates for localized surface
plasmon resonance (LSPR) sensing applications.

Figure 1C shows the resulting LSPR spectrum of the
Au nanostructures synthesized on a glass sample us-
ing GS1 and GS2 in the seed-mediated growth method.
The spectra of the Au nanostructures show an extinc-
tion maximum at about 548 nm (black) and at 631 nm
(red) for those prepared using GS1 and GS2, respec-
tively. The maximum of 548 nm is the expected posi-
tion of spherical Au nanoparticles,18 which is the domi-
nant product (74%) in the synthesis with GS1. As the
amount of Au nanoplates increased relative to the Au
spherical nanoparticles using GS2 (56% spheres), the
extinction maxima red-shifted to 631 nm, which is con-
sistent with the extinction maxima of Au nanoplates re-
ported in the literature (600�2000 nm, depending on
the dimensions).29,32

Purification of Au Nanoplates by Taping. While the percent-
age of Au nanoplates is larger using GS2 compared to
GS1, both conditions led to samples with a majority of
spherical Au nanoparticles. It has been well-established
that the LSPR extinction maxima (�max) of nanoplates is
more sensitive to refractive index changes80,81 of the en-
vironment and to biomolecular binding events80,81 com-
pared to that of Au nanospheres, making it crucial to
develop simple benchtop synthesis strategies for pre-
paring substrates with a high percentage of Au nano-
plates on the surface. On the basis of our previous suc-
cess with the purification of Au and Ag nanorods
(NRs),75,82 we applied Scotch tape adhesive to the sur-
face and slowly removed the tape in order to selectively

remove the spherical nanoparticles. Figure 2A,B shows
atomic force microscopy (AFM) images of Si/SiOx sub-
strates after the synthesis of Au nanostructures using
GS1 and GS2, respectively, and removal of spherical
nanoparticles using the tape method. It is clear that
the tape removed most of the spherical nanoparticles
when comparing these images to the SEM images in
Figure 1A,B. These samples contained 90 � 11 and 89
� 7% Au nanoplates for those prepared by GS1 and
GS2, respectively, based on AFM images of at least four
regions of three samples. The purified samples con-
tained mostly Au nanoplates, although there remained
a large dispersity in the particular size and shape of the
nanoplate (triangular, hexagonal, circular, etc.). The av-
erage height, width, and aspect ratio of the Au nano-
plates were 183 � 41 nm, 29 � 5 nm, and 6.4 � 2.1 for
those synthesized by GS1 and 216 � 45 nm, 32 � 10
nm, and 7.5 � 2.8 for those synthesized by GS2, based
on AFM images. These values were 153 � 33 nm, 29 �

5 nm, and 5.3 � 1.4 for those synthesized by GS1 and
179 � 34 nm, 32 � 10 nm, and 5.6 � 2.1 for those syn-
thesized by GS2, based on SEM and AFM images. The
average aspect ratio was similar for both synthesis
methods after taping and similar to the average aspect
ratio before taping in both cases based on combined
SEM and AFM images.

Figure 2C,D shows the LSPR spectra before and af-
ter the taping of Au nanostructures on glass samples
synthesized using GS1 and GS2, respectively. In both
cases, the LSPR spectrum before taping was similar to
that shown in Figure 1C, where the extinction maxima
were 558 and 625 nm for GS1 and GS2, respectively. Af-
ter taping, the extinction at all wavelengths decreased
and the �max of the LSPR band red-shifted for both
samples. The �max shifted from 558 to 672 nm and from
625 to 689 nm for the Au nanostructures synthesized
with GS1 and GS2, respectively. Figure 2E,F shows ex-
panded plots of the LSPR spectra after taping. The loss
in extinction after taping was due to the removal of the
spherical Au nanoparticles and likely a few nanoplates.
The shift in �max occurred because the Au nanoplates,
which now dominate the surface, exhibit a LSPR band
between 600 and 2000 nm, depending on their exact
shape, thickness, and edge length.32 The peaks at 672
and 689 nm are consistent with the measured average
aspect ratio of the nanoplates. The bands are fairly
broad in Figure 2E,F, extending from 500 to 900 nm,
which we believe is mainly due to the size and shape
dispersity of the nanoplates. The main difference be-
tween the samples synthesized by GS1 and GS2 is that
the latter had a broader spectrum and larger extinction
value. The larger extinction value is consistent with the
larger percentage of nanoplates on the surface prior to
taping (44 versus 26%), and the broader spectrum is
likely due to a larger dispersity in nanoplate size and
shape. For example, on the basis of SEM and AFM im-
ages, the deviation in aspect ratio was 38% for those
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synthesized by GS2 compared to 26% for those synthe-
sized by GS1 (Table S1, Supporting Information). While
the �max was 67 nm more red-shifted for the sample
synthesized using GS2 compared to GS1 prior to tap-
ing, after taping, the �max value was similar (difference
of 17 nm), consistent with a high purity of Au nano-
plates for both samples.

Purification of Au Nanoplates by Sonication. We also puri-
fied samples of Au nanostructures by subjecting the
glass or Si/SiOx slides to sonication. Figure 3A,B shows
AFM images of Si/SiOx substrates after the synthesis of
Au nanostructures using GS1 and GS2, respectively, and
removal of spherical nanoparticles by sonication in wa-
ter. As with the tape method, it is clear that sonication
removed most of the spherical nanoparticles when
comparing these images to the SEM images in Figure
1. These samples contained 91 � 9 and 90 � 8% Au
nanoplates for those prepared by GS1 and GS2, respec-
tively, based on AFM images of at least five regions of

three samples. The average height, width, and aspect
ratio of the Au nanoplates were 269 � 54 nm, 28 � 6
nm, and 9.7 � 2.6 for those synthesized by GS1 and 202
� 54 nm, 27 � 8 nm, and 8.1 � 2.7 for those synthe-
sized by GS2, based on AFM images. These values were
182 � 49 nm, 28 � 6 nm, and 6.5 � 2.3 for those syn-
thesized by GS1 and 187 � 48 nm, 27 � 8 nm, and 6.9
� 2.6 for those synthesized by GS2, based on SEM and
AFM images. The average aspect ratio was slightly
larger for the samples synthesized by GS1 compared
to GS2 after sonication based on the AFM images but
similar for both methods based on the combined SEM
and AFM images.

Figure 3C,D shows the LSPR spectra before and af-
ter sonication of Au nanostructures on glass samples
synthesized using GS1 and GS2, respectively. In both
cases, the LSPR spectrum before sonication was again
similar to that shown in Figure 1C and Figure 2, where
the extinction maxima were 548 and 617 nm for GS1

Figure 2. Atomic force micoscopy (AFM) images of Au nanoplates purified by taping after growth on Si/SiOx using (A) growth
solution 1 and (B) growth solution 2. (C,D) Corresponding LSPR spectra of samples grown on glass by growth solutions 1
and 2, respectively, before (black spectrum) and after (red or blue spectrum) taping. (E,F) Expanded plots after taping in (C)
and (D), respectively.
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and GS2, respectively. After sonication, the extinction

at all wavelengths decreased and the �max of the LSPR

band red-shifted to 789 and 717 nm for the Au nano-

structures synthesized with GS1 and GS2, respectively,

consistent with their measured average aspect ratios.

Figure 3E,F shows expanded plots of the LSPR spectra

after sonication. Similar to taped samples, the extinction

decreased and �max red-shifted significantly, indicative

of a sample with a high percentage of nanoplates. The

bands were fairly broad, often displaying multiple peaks

due to the size and shape dispersity of the nanoplates.

The sample shown in Figure 3E, for example, displayed

a main LSPR peak at 789 nm, but there were also two

shoulder peaks at about 600 and 700 nm. The LSPR

spectrum of the sample shown in Figure 3F displayed

a main peak at 717 nm and two shoulders at 640 and

850 nm that are likely due to other nanoplate popula-

tions present on the substrate. See Figure S1 of Sup-

porting Information for examples of other sonicated

samples with multiple peaks in their LSPR spectrum.

We synthesized several samples using GS1 and GS2

and purified them by taping or sonication. Table 1

shows the average �max values and standard deviation

of the major peak from all of the samples prepared (n 	

3�7 samples). The average �max followed the order of

GS1 (549 � 6 nm) � GS2 (627 � 13 nm) � GS2 taped

(664 � 23 nm) 
 GS1 taped (672 � 15 nm) � GS2 son-

icated (720 � 12 nm) � GS1 sonicated (780 � 47 nm).

The taped samples synthesized by GS1 and GS2 are sta-

tistically the same, and the �max is less than the soni-

cated samples. The GS1 sonicated sample has a slightly

larger �max value compared to that of the GS2 soni-

cated sample.

Table 1 provides the average extinction at �max with

standard deviation for samples synthesized by GS1 and

GS2 and taped or sonicated. As expected and dis-

cussed earlier, the average extinction of the taped GS2

sample was �3 times larger compared to the taped GS1

sample (0.068 � 0.014 versus 0.027 � 0.022). This was

due to the higher percentage of nanoplates on the GS2

sample before taping compared to the GS1 sample (44

versus 26%). In contrast, the extinction value of the GS1

sample was larger compared to GS2 after sonication

(0.024 � 0.008 versus 0.011 � 0.005). This shows that

sonication removed many of the Au nanoplates from

the surface in addition to the spherical particles and

that nanoplates synthesized by GS2 were easier to re-

move compared to those synthesized by GS1, which is

not well-understood. Tables S2 and S3 of Supporting In-

formation show the �max and extinction values of all

Figure 3. Atomic force microscopy (AFM) images of Au nanoplates purified
by sonication after growth on Si/SiOx using (A) growth solution 1 and (B)
growth solution 2. (C,D) Corresponding LSPR spectra of samples grown on
glass by growth solutions 1 and 2, respectively, before (black spectrum) and
after (red or blue spectrum) sonication. (E,F) Expanded plots after sonication
in (C) and (D), respectively.

TABLE 1. Data Table Showing the Percent of Nanoplates, Average Wavelength, Average Extinction, and Average Aspect
Ratio of Au Nanoplates Synthesized and Purified by the Different Methods

aspect ratio

synthesis strategy % Au nanoplates �max (nm) extinction at �max AFM only SEM � AFM

growth solution 1 as-prepared 23 � 7 549 � 6 0.121 � 0.025 6.1 � 2.5 4.4 � 1.9
taped 90 � 11 672 � 15 0.027 � 0.022 6.4 � 2.1 5.3 � 1.4
sonicateda 91 � 9 780 � 47 0.024 � 0.008 9.7 � 2.6 6.5 � 2.3

growth solution 2 as-prepared 44 � 8 627 � 13 0.134 � 0.019 7.1 � 2.1 5.9 � 1.7
taped 89 � 7 664 � 23 0.068 � 0.014 7.5 � 2.8 5.6 � 2.1
sonicatedb 90 � 8 720 � 12 0.011 � 0.005 8.1 � 2.7 6.9 � 2.6

aSonication time was 5 min. bSonication time was 2�3 min. Longer times often led to more significant removal of the Au nanostructures.
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samples synthesized by GS1 and GS2 and purified by

tape or sonication.

Table 1 also shows the average aspect ratio deter-

mined by AFM only or the combination of SEM and

AFM (to measure the average width and height, respec-

tively) of samples synthesized and purified by the differ-

ent methods. The average aspect ratios of GS1 as-

prepared, taped, and sonicated were 6.1 � 2.5, 6.4 �

2.1, and 9.7 � 2.6 as determined by AFM and 4.4 � 1.9,

5.3 � 1.4, and 6.5 � 2.3 as determined by SEM and

AFM, respectively, whereas the average aspect ratio val-

ues of GS2 as-prepared, taped, and sonicated were 7.1

� 2.1, 7.5 � 2.8, and 8.1 � 2.7 as determined by AFM

and 5.9 � 1.7, 5.6 � 2.1, and 6.9 � 2.6 as determined by

SEM and AFM, respectively. In general, the average

�max values in Table 1 increase with an increase in the

percent of nanoplates and increase in the average as-

pect ratio. For example, as-prepared nanoplate samples

prepared by GS2 have a higher percent of nanoplates,

higher average aspect ratio, and a larger average �max

compared to samples prepared by GS1. Taped samples

have a larger percent of nanoplates, a larger or similar

aspect ratio, and a larger average �max compared to the

as-prepared samples. Finally, sonicated samples have a

larger average aspect ratio and larger average �max

compared to taped samples.

Tuning the LSPR Extinction Maxima of Au Nanoplates with

Sonication Time. We obtained the LSPR spectra in Figure

3 after sonicating the samples synthesized by GS1 and

GS2 for 5 and 2 min, respectively. In order to better un-

derstand the details of the removal of the spherical

nanoparticles, we monitored the LSPR spectra as a func-

tion of sonication time. Figure 4A,B shows the LSPR

spectra of Au nanostructures synthesized on glass us-

ing GS1 and GS2, respectively, before and after sonica-

tion for various times ranging from 0 to 135 s and 0 to

25s. The nanostructures synthesized with GS1 (Figure

4A) had an initial LSPR �max of 539 nm at 0 s, which in-

creased with increasing sonication time until a final

value of 728 nm after 135 s. We normalized the extinc-

tion values to the initial extinction value at 0 s in Figure

4A,B in order to clearly show the shift in �max and de-

tails of the LSPR peak with sonication time. The extinc-

tion actually decreased by a factor of 7�8 following

sonication after the 135 s due to the loss of Au nano-

spheres and some nanoplates from the surface. Figure

4B shows the results of a similar experiment performed

on Au nanostructures synthesized on glass with GS2.

Figure 4. Normalized LSPR spectra of Au nanostructures synthesized by (A) growth solution 1 and (B) growth solution 2 be-
fore and after sonication for the indicated times. All spectra were normalized to the absorbance of the spectrum at 0 s. The in-
set shows a zoom-in of the major LSPR bands with time and the �max values. Plots of wavelength of maximum extinction
(�max) on the left y-axis (red) and extinction at �max on the right y-axis (black) as a function of sonication time for Au nano-
structures synthesized by (C) growth solution 1 and (D) growth solution 2. The black and red lines were hand drawn as a
guide to show the general trends.
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In this case, �max was 648 nm at 0 s and gradually shifted

to 704 nm after 15 s and 723 nm after 25 s of sonica-

tion. Note that while the major peak of the final spec-

trum was 723 nm, there was a second large peak

around 780 nm and even a third peak near 900 nm.

We used shorter sonication times for Au nanostruc-

tures synthesized by GS2 because, in many cases, a

longer sonication time removed all of the Au from the

surfaces as mentioned earlier.

Figure 4C,D shows plots of �max (left axis) and extinc-

tion (right axis) as a function of sonication time for Au

nanostructures synthesized on glass using GS1 and GS2,

respectively. The general trend consistently showed an

increase in �max and decrease in extinction with increas-

ing sonication time for both growth solutions, although

the exact values with time have variability. The extinc-

tion decreased with sonication time due to the removal

of spherical nanoparticles and some Au nanoplates

from the surface. The increase in �max was due to a

higher population of nanoplates on the surface. Previ-

ous results showed that �max increases for Au nano-

plates as the aspect ratio increases.32 Considering this

fact, our results suggest that, with increasing sonication

time, the average aspect ratio of the Au nanoplates re-

maining on the surface increased.

In order to determine if the average aspect ratio of

the Au nanoplates increased with increasing sonica-

tion time, we obtained AFM images of the Au nano-

plates at different sonication times. Figure 5 shows AFM

images of Au nanostructures synthesized on a glass sur-

face using GS1 before sonication (frame A), after sonica-

tion for 15 s (frame B), and after sonication for 55 s

(frame C). As shown in Figure 1, the surface initially con-

tained a large population of spherical nanoparticles be-

fore sonication in Figure 5A. An analysis of the aspect

ratio of at least 15 different Au nanoplates showed an

average of 5.9 � 2.4. The initial �max of this sample was

540 nm. The average aspect ratio and �max were 5.8 �

2.4 and 656 nm, respectively, after 15 s of sonication

(frame B). Since the average aspect ratio did not change

significantly, the red shift in �max was due to the higher

percentage of Au nanoplates upon removal of the

spherical nanoparticles as opposed to a change in the

average aspect ratio of the Au nanoplates. The average

aspect ratio and �max were 10.2 � 2.8 and 734 nm, re-

spectively, after 55 s of sonication (frame C). In this case,

the red shift in �max was due to further purification of

the Au nanoplates and also due to the increase in the

average aspect ratio of the Au nanoplates that re-

mained on the surface.32 The AFM determined average

aspect ratio (see Table S4 in Supporting Information)

and corresponding �max are close to the calculated ex-

tinction spectra reported by Tominaga and co-

workers22 and the experimental results reported by

Yun and co-workers.32 On the basis of the AFM and

LSPR data, we conclude that sonication removes spheri-

cal nanoparticles first followed by low aspect ratio nan-

oplates that are relatively smaller in width and larger

in height. Wider and thinner plates ultimately survive

the sonication and remain on the surface. These nano-

Figure 5. AFM images of Au nanostructures synthesized by growth solution 1 before sonication (A) and after sonication for 15 s (B) and
55 s (C). The images show the width of the major axis of one nanoplate, and the inset shows the height analysis of the same nanoplate
along with the calculated aspect ratio of that nanoplate. The aspect ratio of the nanoplate shown is close to the average aspect ratio of
the sample based on measurements from at least 15 nanoplates as also shown in the inset. The aspect ratio is the width of the major axis
divided by the nanoplate height.
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plates have a larger aspect ratio with �max values at

longer wavelengths. We believe that the high aspect ra-

tio Au nanoplates adhere best to the surface because

they have a larger contact area with the surface com-

pared to low aspect ratio nanoplates or spherical nano-

particles (aspect ratio �1). At this point, we do not

have any evidence that the sonication procedure di-

rectly alters the size and shape of the nanoplates, al-

though this is a possibility due to the heat generated.50

LSPR Response of Au Nanoplates to Anti-IgG Binding. We

used our previously published method to attach anti-

IgG selectively to the edge sites of the Au nanoplates

synthesized using GS1 and GS2 and purified by taping

and sonication.18 With this procedure, we attached hu-

man anti-IgG from a 0.26 �g/mL solution onto the Au

nanoplates by an amide coupling reaction to the car-

boxylic acid groups of mercaptoundecanoic acid (MUA),

which was place-exchanged from a 5 or 6 mM solution

onto Au nanoplates functionalized first with mercapto-

ethanol (ME) (see Methods for full details).18 We mea-

sured the collective LSPR spectrum of the Au nano-

plates from the same exact location on carefully marked

glass substrates before and after attachment of anti-

IgG. Figure 6 shows the LSPR spectra of glass samples

containing Au nanoplates synthesized by GS1 and puri-

fied by the tape procedure (frame A and frame B) or

by sonication (frame C and frame D) before and after

anti-IgG functionalization using a 5 mM (frame A and

frame C) and 6 mM (frame B and frame D) place-

exchanged MUA linker. We previously showed that at-

tachment of anti-IgG to MUA that was place-exchanged

from a 5 and 6 mM solution led to a greater amount of

anti-IgG on the edge sites for the latter.18 The LSPR

spectra of nanoplates purified by taping in Figure 6A,B

show a shift in �max of 22 and 35 nm for attachment of

anti-IgG to 5 and 6 mM exchanged MUA, respectively,

Figure 6. LSPR spectra of Au nanoplates synthesized by growth solution 1 and purified by (A,B) taping and (C,D) sonication
before (black) and after (red) functionalization with 0.26 �g/mL human anti-IgG using (A,C) 5 mM and (B,D) 6 mM place-
exchanged MUA. AFM images of Au nanoplates purified by taping and functionalized with 0.26 �g/mL human anti-IgG us-
ing (E) 5 mM and (F) 6 mM place-exchanged MUA.
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while those of nanoplates purified by sonication in Fig-
ure 6C,D show a shift in �max of 42 and 47�68 nm for at-
tachment of anti-IgG to 5 and 6 mM exchanged MUA,
respectively. In three of the four cases, the extinction
also increased, but we showed previously that this is
less reproducible than the shift in �max.18 In both cases,
the larger shift for the 6 mM MUA samples shows that
more anti-IgG attached to the edges of the nanoplates
compared to the 5 mM samples. The sonicated samples
showed a larger shift in �max upon anti-IgG binding
compared to taped samples due to the larger initial
�max value for these nanostructures, as it has been
shown that the sensitivity to a refractive index change
in the environment increases with increasing initial
�max.81,83�85 This is also evident from the fact that peak
2 in Figure 6D was more sensitive to anti-IgG binding
compared to peak 1 in the same spectrum. Control ex-
periments with pure ME treated samples showed ��max

of only 1 nm (Figure S2 of Supporting Information)
when treated with anti-IgG. We repeated this impor-
tant control experiment several times with similar re-
sults, which confirms that (1) human anti-IgG covalently
binds to the MUA linker and (2) we were successful at
monitoring the same location of the sample before and
after functionalization.

Figure 6E,F shows AFM images of two Au nano-
plates synthesized on Si/SiOx using GS1, purified by tap-
ing, and then functionalized with anti-IgG by coupling
to 5 and 6 mM place-exchanged MUA, respectively. The
darkest regions correspond to the underlying Si/SiOx

substrate, the intermediate shade corresponds to the
triangular or circular Au nanoplates, and the bright re-
gions on top of the nanoplates correspond to the anti-
IgG. The very big bright spot in Figure 6F is a large
spherical nanoparticle that was not removed during
taping. The AFM images confirm that anti-IgG attached
preferentially to the edges of the Au nanoplates and
that the coverage increased with increasing MUA con-
centration, as shown previously for nonpurified nano-
plate samples.18 The AFM is consistent with the fact that
the �max shift was largest for the anti-IgG attached to 6
mM place-exchanged MUA.

Table 2 shows the average initial �max (�max,init) and
shift in �max (��max) of the Au nanostructures synthe-
sized by GS1 and GS2 before (as-prepared) and after pu-
rification by tape and sonication for the nanostruc-
tures synthesized by GS1. For nanostructures

synthesized by GS1 and functionalized with human
anti-IgG through 5 mM place-exchanged MUA, the
��max increased in the order of as-prepared (6 � 3 nm)
� taped (23 � 1 nm) � sonicated (49 � 13 nm). On the
basis of the data in Tables 1 and 2, the ��max increases
with increasing percentage of Au nanoplates and in-
creasing initial �max,init of the nanoplates. The as-
prepared sample had 26% Au nanoplates on the sample
and the lowest �max,init (547 nm), while the sonicated
sample had �90% Au nanoplates and largest �max,init

of 766 nm. The ��max also increased with increasing
percentage of Au nanoplates and �max,init for samples
functionalized by human anti-IgG through 6 mM place-
exchanged MUA. The ��max was about 50% larger when
compared to the 5 mM place-exchanged samples in all
cases except for those synthesized by GS1 and soni-
cated. The general increase in ��max for the 6 mM
samples occurred because of the larger number of anti-
IgG on the nanoplate surface as determined by AFM.
The smaller difference between 6 and 5 mM in the case
of the sonicated samples synthesized by GS1 could be
due to the larger �max,init for the 5 mM samples (by 62
nm), which makes those nanoplates more sensitive to
refractive index changes. The magnitude of ��max for
the as-prepared GS2 samples lies between the as-
prepared GS1 samples and taped GS1 samples, consis-
tent with the percentage of Au nanoplates and �max,init

for this sample shown in Tables 1 and 2. Importantly,
our results show that samples of purified nanoplates,
by sonication or taping, exhibit a significantly larger
LSPR response to protein binding compared to the as-
prepared samples containing mostly spherical
nanoparticles.

Sensing IgG. We performed a preliminary test on the
use of surface-attached Au nanoplates synthesized by
GS1, purifed by taping, and functionalized with human
anti-IgG for the detection of human IgG. Figure 7 shows
the LSPR spectra of the Au nanoplates before (black
spectrum) and after (red spectrum) edge functionaliza-
tion with human anti-IgG using 6 mM place-exchanged
MUA as the linker. Attachment of anti-IgG led to a shift
from 624 to 657 nm (��max 	 33 nm) and 763 to 800 nm
(��max 	 37 nm) for the first and second LSPR peaks, re-
spectively. These shifts are consistent with those ob-
served for other taped samples synthesized by GS1, as
shown in Figure 6 and Table 2. Subsequent exposure to
a 10 pg/mL solution of IgG led to a further shift from

TABLE 2. Initial �max (�max,init) and Response to Human Anti-IgG Binding of the Au Nanoplate Samples Synthesized,
Purified, and Functionalized by Different Methods

5 mM MUA 6 mM MUA

synthesis strategy �max,init (nm) ��max (nm) �max,init (nm) ��max (nm)

growth solution 1 as-prepared 547 � 12 6 � 3 545 � 4 9 � 1
taped 644 � 52 23 � 1 675 � 54 32 � 3
sonicated 766 � 70 49 � 13 704 � 8 53 � 4

growth solution 2 as-prepared 624 � 9 16 � 2 642 � 36 22 � 3
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657 to 662 nm (��max 	 7 nm) and 800 to 845 nm

(��max 	 45 nm) for the first and second LSPR peaks

(green spectrum), respectively. Interestingly, the extinc-

tion value increased dramatically for the first peak and

slightly decreased for the second peak, while the sec-

ond peak exhibited a much larger shift in �max. These

two different populations of Au nanoplates on the same

sample (peaks 1 and 2) showed similar results upon

anti-IgG binding but drastically different responses to

IgG. The reason is not clear at this time. This interest-

ing phenomenon can only be elucidated by correlating

LSPR spectroscopy data with AFM imaging of the pro-

tein binding location at the single nanoplate level. This

is an exciting topic that we will explore in the future. Im-

portantly, this sample exhibited a much larger ��max in

response to a 10 times lower IgG concentration (10

pg/mL or �1 pM) compared to our previous work on

samples containing a majority of Au nanospheres.18 This

is among the lowest concentration detected by LSPR

for proteins to date.86 The detailed aspects of human

IgG sensing with purified Au nanoplates, including ki-

netics, sensitivity, and limit of detection, will be de-

scribed separately.

Refractive Index Sensitivity. We performed refractive in-

dex sensitivity studies on a nonpurified sample synthe-

sized by GS1 (containing mostly spherical nanoparti-

cles) and on three sample synthesized by GS1 and

purified by sonication. Figure S3 of Supporting Informa-

tion shows the LSPR spectra obtained in air, toluene,

2-propanol, water, and then back in air. The �max of the

LSPR band increased with increasing refractive index

(RI) of the solvent as expected. Also, the spectrum in air

before exposure to the solvents matches the spectrum

after exposure to the different solvents, indicating that

the nanoplate samples were stable and the spectra

were from the same region of the glass sample. Impor-

tantly, we found that the extinction intensity increased

in some cases, as we also observed for anti-IgG or IgG

binding to the Au nanoplates. Figure S4 (Supporting In-
formation) shows plots of the change in �max as a func-
tion of the RI of the solvent. From the slope, the RI sen-
sitivity was 89 nm/RIU for the nonpurified sample with
a �max of 539 nm and 195 and 302 nm/RIU for the puri-
fied nanoplate samples with a �max of 677 and 828 nm,
respectively. As expected, the RI sensitivity increased as
the initial �max of the LSPR band increased. In addition,
toluene has a RI closest to that expected for proteins
such as anti-IgG; therefore, the 90�150 nm shift, de-
pending on the �max, represents the upper limit of the
�max shift for a full coverage of anti-IgG on the nano-
plate surface. The fact that we observe shifts of 50 nm
in some cases for anti-IgG bound to nanoplate edge
sites, which is one-third to one-half of the maximum
signal, shows that the edge sites are highly sensitive
since the nanoplate surface is not nearly one-third or
one-half covered by the anti-IgG based on the AFM
images.

CONCLUSIONS
We demonstrated the seed-mediated synthesis of

Au nanoplates directly on surfaces using two different
growth solutions and selectively removed Au nano-
spheres by tape or sonication to form samples with
�90% Au nanoplates. We believe that the smooth, flat
morphology of the Au nanoplates provides a larger
contact area with the surface that allows them to ad-
here more strongly compared to Au spheres. The differ-
ent synthesis and purification strategies led to differ-
ent �max values for the Au nanoplate samples, ranging
from 549 up to 780 nm, and the LSPR �max could be
tuned by altering the sonication time. The �max value in-
creases with increasing purity of the nanoplates and in-
creasing aspect ratio of the plates that remain on the
surface. The �max of purified nanoplates from the LSPR
spectrum after edge functionalization with human anti-
IgG shifted by 22 up to 68 nm, which is 4�8 times
larger compared to samples dominated by Au nano-
spheres, depending on the amount of anti-IgG attached
and the purification strategy. Au nanoplates synthe-
sized by GS1 and sonicated for 5 min had the largest ini-
tial �max and largest shift upon anti-IgG binding. In ad-
dition, a tape purified Au nanoplate sample edge-
functionalized with anti-IgG detected 10 pg/mL of IgG
with a large 45 nm shift for the largest �max LSPR band.
This shows that these purified Au nanoplates have great
promise for use in highly sensitive protein detection.
This work is important because our synthesis and puri-
fication strategy involves simple benchtop procedures
that do not require high vacuum evaporation or sput-
tering, lithography, or other complex or expensive
methods. Because the growth is directly on surfaces,
we eliminate the need for assembling Au nanoplates
onto a surface from solution. The protein functionaliza-
tion strategy importantly shows that the LSPR spec-
trum of Au nanoplates is highly sensitive to the bind-

Figure 7. LSPR spectra showing a glass sample coated with
tape purified Au nanostructures synthesized by growth solu-
tion 1 before functionalization with human anti-IgG (black),
after functionalization with human anti-IgG using 6 mM
place-exchanged MUA (red), and after exposure to 10 pg/mL
human IgG (green).
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ing of just a few protein molecules on the edge, which
may also be useful for monitoring molecular binding to

metal nanostructure edge sites by surface-enhanced
Raman spectroscopy (SERS).

METHODS
Chemicals. Citric acid trisodium salt was purchased from Bio-

rad Laboratories. L-Ascorbic acid (99%), sodium borohydride
(98.5%), cetyltrimethylammonium bromide (CTAB), 11-
mercaptoundecanoic acid (MUA), 2-mercaptoethanol (ME), and
N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was purchased from Pierce, and 95% mercaptopropyltrimethox-
ysilane (MPTMS) was purchased from Alfa Aesar. Antibody anti-
human-IgG and human IgG were purchased from Sigma-Aldrich.

Synthesis of Au Nanostructures Directly on Surfaces. Au nanostruc-
tures were synthesized directly on glass microscope slides and
Si/SiOx surfaces by a seed-mediated growth procedure as de-
scribed previously.18 Glass and silicon slides were first cut and
cleaned in piranha solution (1:3 H2O2/H2SO4) for 10�15 min.
(Caution: this solution, piranha, is a strong oxidizing agent
that reacts violently with organics.) After being rinsed with
water and dried under a stream of N2, the substrates were func-
tionalized with MPTMS by heating them just below boiling in a
solution containing 10 mL of 2-propanol, 100 �L of MPTMS, and
a few drops of water for about 30 min. After being rinsed with
2-propanol and dried under N2, the MPTMS-functionalized sili-
con and glass slides were placed in an aqueous solution of 3�5
nm diameter citrate-stabilized Au nanoparticles (“seeds”) for 15
min, which leads to their attachment to the thiol functionality of
MPTMS through a strong Au�thiolate interaction. (The gold
seed solution was prepared by adding 0.5 mL of 0.01 M sodium
citrate trisodium salt and 0.05 mL of 0.01 M HAuCl4 to 19 mL of
water while stirring and then adding 0.6 mL of ice cold 0.1 M so-
dium borohydride while stirring. The seed solution was allowed
to stir for at least 2 h prior to use.) After rinsing with water, the
substrates containing immobilized Au seed nanoparticles were
then placed in a freshly prepared solution termed growth solu-
tion 1 (GS1), which contained 9 mL of 0.1 M cetyltrimethylammo-
nium bromide (CTAB), 450 �L of 0.01 M HAuCl4, and 50 �L of
0.1 M ascorbic acid for 1 h. Alternatively, the Au-seeded sub-
strates were placed in growth solution 2 (GS2), which contained
9 mL of 0.016 M CTAB, 450 �L of 0.01 M HAuCl4, and 150 �L of 0.2
M ascorbic acid. In both cases, this leads to the preferential re-
duction of Au from solution onto the surface-attached Au nano-
particle seeds via ascorbic acid, leading to the growth of the
3�5 nm diameter Au nanoparticles into larger Au nanostruc-
tures directly on the surface. The samples were rinsed with wa-
ter and dried under nitrogen before further use. The source of
the CTAB was Aldrich (95%) in both growth solutions, which was
critical for synthesizing samples with a large population of nan-
oplates as described previously.79

Nanoplate Purification. Purification by Tape: We used Scotch brand
magic adhesive tape to preferentially remove the spherical nano-
particles from the glass or Si/SiOx surface. The tape was placed
on the substrate, pressed gently with one finger, and then slowly
peeled back at an approximately 90° angle. In the case of glass,
the procedure was performed on both sides.

Purification by Sonication: We used a Bransonic ultrasonic cleaner
with a 935 W input and 250 W output puissance HF to remove
the spherical nanoparticles from substrates containing Au nano-
structures. The substrate was placed in a glass vial containing
10 mL of nanopure water and then placed in the ultrasonicator
for 2�5 min as indicated. The substrate was removed from the
vial, washed thoroughly with nanopure water, and dried under
nitrogen.

Functionalizing the Au Nanoplates with Anti-IgG. We controllably at-
tached anti-IgG to the edges of Au nanoplates using our proce-
dure described previously.18 The samples purified by tape were
placed in a solution of dichloromethane for 6�7 h to remove any
tape residue from the surface. We then placed the sample in a
1 mM ethanol solution of mercaptoethanol (ME) overnight,
rinsed thoroughly with ethanol, dried under N2, and then ex-
changed the ME monolayer with MUA by placing the sample

into a 5 or 6 mM ethanol solution of MUA for 4 h. We again
rinsed thoroughly with ethanol, dried under N2, and then placed
the sample in an aqueous solution of 2 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 5 mM
N-hydroxysuccinimide (NHS) for 1 h. After being rinsed with wa-
ter and dried under N2, the sample was placed into a 0.26 �g/mL
aqueous pH 7.4 phosphate buffered solution of human anti-IgG
for 12�15 h in the refrigerator, rinsed with phosphate buffered
saline and water, and dried under N2.

IgG Sensing. Human IgG sensing was performed by placing
the sample of human anti-IgG-functionalized Au nanoplates in
a pH 7.4 phosphate buffered aqueous saline solution containing
0.01 ng/mL of human IgG overnight in the refrigerator before
rinsing with pH 7.4 phosphate buffered saline and water and dry-
ing under N2.

Instrumentation. UV�vis spectra were obtained with a Varian
Cary 50 BIO UV�vis spectrophotometer. We reduced the noise
in all of the extinction spectra by using the smooth operation in
the Varian software with a filter size of 101. The changes in wave-
length of maximum extinction (�max) were calculated by allowing
the software to chose the �max of the smoothed spectra. Atomic
force microscopy (AFM) images were obtained with a Veeco Digi-
tal Instruments Nanoscope IIIa Multimode scanning probe mi-
croscope (Santa Barbara, CA) using a Si tip in tapping mode.
Scanning electron microscopy (SEM) images were obtained with
a FEI-NOVA-600 NANO SEM.
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