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Abstract

Gold (Au) nanoshells were grown on silica nanoparticles with differing average diameters, ranging
from 30 nmto 120 nm. Au nanoshells were also formed on silica spheres encapsulating 5 nm diameter
magnetic iron oxide nanocrystals. The optical absorbance spectra of these Au nanoshells are reported.
The plasmon resonance wavelengths of the smaller diameter nanoshells were significantly less
tunable than those of the larger diameter nanoshells. This is due to a reduced range of accessible
core-shell ratio—the geometric factor that determines the plasmon peak position—as the silica core
diameter shrinks. The smaller diameter nanoshells were also found to be highly prone to aggregation,
which broadens the plasmon absorption peak. Model calculations of dispersion stability as a function
of silica core diameter reveal that smaller diameter Au shells exhibit more aggregation because of
the size-dependence of the electrostatic double-layer potential.

Introduction

Gold (Au) nanoshells are plasmonic materials that strongly absorb and scatter visible and near-
IR light with size-tunable color.1~8 Au nanoshells are typically made by coating a nanoparticle
of a low dielectric constant material like silica with Au; the core/shell size ratio determines the
nanoshell plasmon resonance frequency.2:3:" Metal nanoshells can be conjugated with
biological molecules using relatively straightforward chemistry,8~12 and since nanoshells can
be made with plasmon resonances at wavelengths that are particularly transparent for tissue
(between 700 nm and 1000 nm),13:14 they have been explored for use as optical contrast agents
for tumor cell imaging.8:1> Additionally, medical therapeutics might also be combined with
imaging, as Au nanoshells could serve as vehicles for drug delivery or for minimally-invasive
photothermal therapy since light excitation leads to local heating that can be used as a trigger
for targeted cell death.14:16-19

Au nanoshells are typically synthesized between 80 and 150 nm in diameter.1=8 For in vivo

medical applications, Au nanoshells in this size range are restricted to direct delivery to the

site of interest,6:14:20,21 a5 there are problems with systemic delivery associated with quick

clearance from the blood by liver and spleen?2=26 and limited diffusion of such big particles
in tissue.2’~29 Considering also that the various molecular coatings, such as polyethylene
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glycol (PEG) to suppress immune response and recognition molecules like antibodies,
aptamers or peptide fragments needed to bind biological targets,16:30- can add another 40 nm
or so to the bare particle diameter,34:3% nanoshells with smaller diameters, of 10 to 60 nm prior
to bioconjugation, are better suited for in vivo medical applications.

There are only a few reports of nanoshells with diameters of 10 to 60 nm. 36739 Xia, et al.3°
recently reported Au nanoshells on 32 nm diameter silica-coated Au particles. The optical
absorption peak was relatively broad with a maximum wavelength of 681 nm. Their
transmission electron microscopy (TEM) showed that the nanoshells were not spherical, and
the limited optical tunability was attributed in part to rough surfaces and agglomeration.
Alternatives to silica core particles for making smaller diameter Au nanoshells have also been
reported; for instance, Au nanoshells ranging from 45 to 60 nm in diameter have been made
by depositing Au on 9 nm diameter iron oxide nanoparticles.3”:38 The plasmon wavelength
range for these nanoshells was again relatively limited, from 535 and 540 nm—comparable to
the plasmon resonance wavelengths of solid Au nanoparticles—because of their small core/
shell thickness ratios. Hollow Au nanoshells have also recently been made by galvanic
displacement of silver or cobalt nanospheres. 236 The nanoshells grown from cobalt spheres
ranged from 58 nm to 60 nm in diameter with plasmon peak wavelengths ranging from 530 to
630 nm and the nanoshells produced from silver spheres were 10-20 nm in diameter with a
plasmon resonances that could be tuned between 550 and 800 nm. These are promising results,
but the structural stability of such unsupported nanoshells remains to be tested and may present
aproblem for in vivo medical applications. Furthermore, a silica core enables the incorporation
of smaller nanocrystals of different materials, like magnets or luminescent semiconductors
within the nanoshell that can provide added functionality, for multimodal medical imaging
contrast with both optical and magnetic signatures for example. 20,40

Considering the stability, biocompatibility, and potential for development into a multi-
functional material by manipulating the core material composition of the silica-supported Au
nanoshells, we aimed to understand the limitations of this system for obtaining small diameter
(20 to 60 nm diameter) Au nanoshells with size-tunable optical resonances from visible to NIR
frequencies. Herein, we demonstrate the formation of Au nanoshells on silica spheres as small
as 30 nm in diameter. We also demonstrate the formation of Au nanoshells on 40 nm diameter
silica spheres encapsulating 5 nm diameter magnetic iron oxide nanocrystals. However, as the
nanoshell diameter decreased, the plasmon peak could only be tuned to increasingly shorter
wavelengths. With decreasing silica core size, the geometric ratio of the Au shell thickness to
the diameter becomes increasingly limited by the size of the ~2 nm diameter Au nanocrystals
used to seed shell growth; the gold shell simply cannot be made thin enough relative to the
core diameter to shift the plasmon to NIR wavelengths. The smaller diameter nanoshells were
also found to be highly susceptible to aggregation—to a much greater extent than the larger
diameter nanoshells. With model calculations of the size-dependent interparticle potential, we
reveal that larger nanoshells are more stable than smaller nanoshells during synthesis because
of amore effective charge double-layer repulsion. These factors lead to fundamental challenges
in the synthesis of smaller diameter Au nanoshells with NIR plasmon resonances.

Experimental Details

Chemicals

Octyl ether (99%) and oleic acid (>99%) were purchased from Fluka. Iron pentacarbonyl (Fe
(CO)s5, 99.999%), tetraethylorthosilicate (TEOS, 98%), IgePal CO-520 (M,, ~ 441), tetrakis
(hydroxymethyl)phosphonium chloride (THPC, 80% solution in water), sodium hydroxide
pellets (97+%), tetrachloroauric acid (HAuCl4-3H20, 99.9+%), tris(2'2-bipyridyl)
dichlororuthenium(l1) hexahydrate (Rubpy, 99.95%), n-hexanol (anhydrous, >99%), Triton
X-100 (97+%), and 3-aminopropyltrimethoxysilane (APTMS, 97%) were purchased from
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Sigma Aldrich. Cyclohexane (99.9%), potassium carbonate (anhydrous, 99.8%), and
formaldehyde solution (37% w/w in water) were obtained from Fisher Scientific. Ammonium
hydroxide (NH4OH, 28% in water) was purchased from EM Science. Colloidal silica particles
(product name Organosilicasol™ IPA-ST-ZL, 30% w/w SiO, in isopropanol, 70-100 nm
particle diameter) were obtained from Nissan Chemical Company. All chemicals were used as
received. Doubly-distilled, deionized (18 M Q resistance), 0.2-micron filtered water (DI-
H»0) was used for all preparations.

Silica-coated Iron Oxide Nanocrystal Synthesis

Iron oxide nanocrystal synthesis and subsequent silica coating was performed using published
procedures.41:42

Hydrophobic 5 nm diameter iron oxide nanocrystals were first prepared on a Schlenk line under
nitrogen atmosphere. 10 mL octyl ether and 0.9588 mL oleic acid were added to a 3-neck flask
fitted with a cooling water condenser and two rubber septa. A thermocouple was fed through
one septum and allowed to contact the solution, and the condenser was connected to a stopcock
with Teflon valve. The system was purged of oxygen by connecting the stopcock to the Schlenk
line, closing the stopcock valve and pulling vacuum, switching to nitrogen flow and opening
the stopcock valve for a few minutes, and repeating these steps for three additional cycles.
Subsequently, the solution was heated to 100°C under magnetic stirring using a heating mantle,
which was powered by a variable autotransformer linked to the thermocouple by an electronic
temperature controller. As soon as the solution temperature stabilized at 100°C for five minutes,
0.2 mL of iron pentacarbonyl was then injected into the flask and the mixture was heated to
297°C.*3 During heating, the reaction mixture proceeds through a series of color changes from
orange to clear yellow, and finally black at the final temperature setting. The heating rate is
important: the autotransformer was set to 70% power output and the solution reached its
temperature set point after 30-40 minutes. The mixture was refluxed at 297°C for one hour,
then the heating mantel was removed and the mixture was allowed to cool under nitrogen by
equilibrating the flask with room temperature air. When the solution temperature reached 70°
C, the reaction mixture was exposed to oxygen by disconnecting the open stopcock from the
Schlenk line. Once the reaction mixture cooled to room temperature, it was poured into a
centrifuge tube and centrifuged with ethanol antisolvent (4 mL per 1 mL of reaction product)
at 8000 rpm for 5 minutes at 20°C. The black precipitate was suspended in 10 mL hexane and
re-precipitated with ethanol as just described at least four times, then finally dispersed in
cyclohexane and stored in a parafilm-sealed glass vial. The iron oxide nanocrystals had a mean
diameter of 5.0 £ 0.8 nm, determined by TEM.

To coat the iron oxide nanocrystals with silica, 16.2 mL of cyclohexane was first added to a
20 mL screwcap glass vial. With magnetic stirring, 0.800 mL Igepal, 37.7 uL iron oxide
nanocrystals (15.5 mg/mL in cyclohexane), 0.130 mL of ammonium hydroxide (28% in water),
and 0.100 mL of TEOS were added to the vial in precisely that order. The microemulsions
were covered and stirred for 2 days. The nanoparticles were extracted with about 5 mL of
methanol. The nanoparticles were purified by adding 20 mL of hexane per 5 mL of extracted
methanol dispersion. The solutions were centrifuged at 2500 rpm for 6 hours. The precipitate
was collected and re-dispersed in 5 mL ethanol. Hexane was added as an antisolvent to re-
precipitate the nanoparticles. This dispersion was centrifuged again to isolate the precipitated
nanoparticles. This purification procedure was repeated three times to remove unreacted TEOS
and excess lgepal. The final nanoparticle product was re-dispersed in 5 mL of ethanol. High
centrifugation speeds, complete drying (rotary evaporation), and an extensive number of
centrifugation cycles were all seen to make the silica particles very difficult to redisperse in
any solvent, so these actions should be avoided with all of the silica nanoparticle preparations.
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Microemulsion-Assisted Synthesis of Colloidal Silica Particles

30 nm diameter silica particles were synthesized in microemulsion media using the published
procedures.** Two mL of Igepal, 0.325 mL of NH4OH (28% w/w) and 0.250 mL of TEOS
(0.250 mL) were added sequentially to 41 mL of cyclohexane. After stirring this cyclohexane
solution for two days, the silica particles were extracted from the organic phase with ~5 mL
methanol. The particles were isolated and purified as described for the silica-coated iron oxide.

Larger diameter (70 nm) silica particles were also made by a microemulsion method, but
required a different surfactant combination.#®> The published procedures had incorporated a
fluorescent dye, Rubpy, and therefore this procedure was followed exactly as described,
including the addition of Rubpy, since the silica chemistry is sensitive to any chemical changes.
First, 7.5 mL cyclohexane, 1.8 mL n-hexanol, 1.77 mL Triton X-100, 0.48 mL Rubpy (20 mM,
aq), and 0.20 mL of TEOS were placed under magnetic stirring for 20 minutes in a conical
flask. Next, 0.060 mL of ammonium hydroxide was added and the reaction was stirred for 24
hours. Subsequently, an equal volume (11.65 mL) of acetone was added to the completed
reaction with vortexing to break the microemulsion. The dye-doped silica nanoparticles were
collected by centrifuging at 3000 rpm for 30 minutes, the supernatant was discarded, and the
particles were then suspended in 5 mL of ethanol. 20 mL of hexane was added, the particles
were centrifuged again at the same parameters, and the supernatant was discarded. The particles
were suspended in 5 mL ethanol, and the centrifugation cycle was repeated two more times.

Commercial Silica Preparation

The commercial silica colloid IPA-ST-ZL is supplied as an isopropanol dispersion. Prior to
gold shell growth, these silica particles need to be purified by size selective precipitation and
suspended in ethanol for surface modification. 20 mL of hexane was added to 5 mL of ST-ZL
isopropanol-based colloid and centrifuged for 1 hour at 2500 rpm. The supernatant was
discarded and the white precipitate was re-dispersed in 5 mL of ethanol with mild sonication.
The concentrated sample was further purified through size selective precipitation to collect the
largest silica spheres. Hexane was added dropwise to the nanoparticles until observing a slight
change in turbidity (typically after adding ~0.5 mL), the particles were centrifuged for 1 hour
at 2500 rpm and the precipitate was collected by pouring off the supernatant. The precipitated
nanoparticles were dispersed in 5 mL ethanol, and the observed average particle diameter was
118 £ 5 nm from TEM measurement.

Silica Surface Modification with APTS

Prior to Au shell deposition, the silica particles were functionalized with amines (APTS) using
a modification of the procedures described by Lee for attaching octyltrimethoxysilane to silica
spheres.*2 This method was more reproducible than previously reported methods of refluxing
silica spheres in APTS,39 and thus more effective for reproducibly achieving high surface
coverage of Au nanocrystals on the amine-terminated silica particles in the next step. 0.10 mL
of 30% NH4OH (aq) was added to 10 mL of a 1 mg/mL dispersion of purified silica particles
under magnetic stirring.46 0.5 mL of 10% v/v of APTS in ethanol was added dropwise to the
dispersion. The dispersion was stirred for 24 hours. The nanoparticles were then precipitated
by adding 40 mL of hexane and centrifuging at 3000 rpm for one hour. After discarding the
supernatant, the particles were suspended in 5 mL ethanol with sonication. This precipitation
was repeated 2 times, after which the particles were re-dispersed with sonication in 10 mL DI-
H,0 (1 mg/mL APTS-silica). The pH of this suspension is typically ~10, which is above the
pK, of the amine. Therefore, to protonate the amine for better dispersibility, the pH was reduced
to ~3 by adding a few drops of concentrated HCI and sonicating the suspension.
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Au Nanoshell Formation

Au nanoshells were prepared following published methods.3? Shell growth is carried out on
silica nanoparticles surface-modified with exposed amines. A gold nanoparticle seed layer is
first adsorbed onto the silica particle surface, followed then by the addition of a gold salt shell
growth solution. Note that shell growth is extremely sensitive to the details of the procedures
and need to be carefully followed.

A few days in advance of shell growth, Au seeds were prepared as previously described.#’ 45
mL of DI-H ,0 was poured into a conical flask and stirred. 0.5 mL of 1M NaOH was added,
followed by 1 mL of a THPC solution (12 uL of 80% THPC per mL of DI-H,0). The mixture
was stirred for 5 minutes before adding 2 mL of a fresh 1% w/w HAuUCI, (aq) solution. After
15 minutes, the solution turned dark brown, indicating the formation of small (2-3 nm) gold
seed particles. This colloidal Au dispersion was stored at 4°C for a week until use, as suggested
in the literature.14:16,48

The gold hydroxide solution for shell deposition was prepared one day prior to shell deposition.
25 mg of potassium carbonate was dissolved in 100 mL DI-H,O, followed by the addition of
1.5 mL of a 1.0 % w/w HAUCI 4 solution. After stirring for ~30 minutes, the solution appears
colorless, indicating that hydrolysis of AuCl,~ has occurred.*” This gold hydroxide solution
was then stored for 24 hours in the dark and used immediately. Storing the gold hydroxide
solution for more than 2-3 days leads to a faint pink color and a solution that is no longer
suitable for gold shell deposition, as evidenced by formation of a nanoshell reaction product
having low optical tunability, and this is confirmed by other sources.*8

Prior to shell growth, Au seed particles were adsorbed to silica particles.3® The APTS-treated
silica particles were mildly sonicated for 20 minutes to ensure uniform particle dispersion and
then 2.5 mL of the APTS-silica dispersion (~100 cm? silica surface area per mL solution) was
added to a 15 mL centrifuge tube, followed immediately by the addition of 5.0 mL of THPC
Au colloid.® The pH was re-adjusted (if necessary) to 3.0 with a few drops of concentrated
HCI, and the dispersion was gently shaken for 2 minutes before storing in the dark overnight
at 4°C. The resulting nanoparticle product was isolated by centrifugation at 2500 rpm for 3
hours. The supernatant was discarded and the precipitate was re-dispersed with sonication in
2.5 mL DI- H »0. This centrifugation and re-dispering cycle was repeated two more times to
remove any unattached gold remaining, as indicated by a colorless supernatant above the
precipitate.

For Au nanoshell growth, 4 mL of the as-prepared gold hydroxide reactant solution was added
to a 20 mL glass vial and placed under magnetic stirring.3° After sonicating for 20 minutes,
Au-decorated silica was then added to this reactant solution with amounts that depended on
the desired Au shell thickness, from 0.01 mL to 1.5 mL. The pH was adjusted from ~6.0 to 8.0
by adding 1-2 pL of NH,OH (aqg, 30% w/w), as recommended by ref © to inhibit homogeneous
Au particle nucleation. 10 uL of formaldehyde was then immediately added. The dispersion
changes from colorless to blue over the course of about 10 minutes. The nanoshell product was
isolated by centrifugation at 2500 rpm for 1 hour. After discarding the supernatant, the
precipitate of Au nanoshells was redispersed in 4 mL of DI-H,O with sonication. The nanoshell
dispersions varied in color from blue to red, with the red color corresponding to the thickest
Au shells. The larger diameter nanoshells remained dispersed without settling for much longer
than the smaller diameter nanoshells.

Materials Characterization

The nanoparticles were characterized using transmission electron microscopy (TEM) and UV-
visible-NIR optical absorbance spectroscopy. TEM samples were prepared by drop-casting 5
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pL of a nanocrystal dispersion on 200 mesh carbon-coated copper TME grids (Electron
Microscopy Sciences) held at their edge with anti-capillary tweezers. To create a thin
nanocrystal film on the grid, the droplet was drawn off slowly by touching a clean piece of
filter paper to the edge of the grid. Low-resolution TEM images were taken using a Philips 208
TEM, equipped with an AMT Advantage HR model CCD camera, at 80 kV accelerating
voltage. High resolution TEM images were acquired with a JEOL 2010F TEM at 200 kV using
a Gatan multipole scanning CCD camera. Absorbance spectra were acquired with a Cary 500
spectrophotometer using quartz cuvettes with 10 mm optical path lengths.

Results and Discussion

Au Nanoshell Formation and Morphology

Figure 1 shows TEM images of Au nanoshells on silica particles with average diameters
decreasing from 118 nm to 28 nm. The Au nanoshells became rougher as the silica particle
diameter decreased. There was also much more aggregation of the smaller diameter nanoshells.
A variety of different synthetic parameters were modified to try to eliminate the aggregation
and nanoshell roughness, 20 but it could not be avoided. Aggregation in particular was found
to be a major problem associated with the smaller diameter particles as discussed in more detail
below.

Figure 2 illustrates the nanoshell growth process. Silica spheres are first decorated with Au
nanoparticles that seed the deposition of the Au shell. TEM images of silica spheres coated
with Au seed layers prior to nanoshell deposition are shown in Figure 1. The seed layer coverage
on the silica surface is only 20-30 % based on TEM images, which is consistent with previous
reports.1®1 This sparse coating of the silica particles is most likely due to the charge double-
layer repulsion between neighboring Au particles.>2:53 The Au seed particle surface coverage
did not vary noticeably with silica particle diameter.

In the initial stages of shell growth, Au deposits isotropically on each spherical seed particle,
which eventually becomes large enough to fuse with neighboring Au seeds into a
semicontinuous film on the silica surface (Figure 1, proceeding from panels (ii) to (iii)).
Additional Au deposits on the surface and fills the voids in the Au film, ultimately forming a
continuous Au shell (Figure 1, panels (iv)). In practice, the amount of Au deposited on the
silica particles is manipulated by changing the ratio of Au-primed silica cores (Figure 1(ii)) to
the amount of the gold reactant solution added for nanoshell growth. There was no apparent
dependence of the Au deposition process on the core silica particle size, although the smaller
diameter Au nanoshells were found to be rougher than the larger diameter shells. The Au shell
roughness depends on the size distribution of the Au seeds and any Au clustering that might
occur on the silica surface. The variation in shell thickness from the seed layer should be
independent of silica particle size, and therefore, the roughness is simply more pronounced
and apparently rougher when the silica cores have smaller diameter.

Au Nanoshell Optical Properties

Figure 3 shows experimental UV-vis-NIR optical absorbance spectra of aqueous dispersions
of Au nanoshells grown on silica particles of varying diameter. Prior to shell growth, each
sample exhibits a plasmon peak at 513 nm that corresponds to the plasmon resonance of the 2
nm diameter Au seed particles. The plasmon peak than shifts to longer wavelength as Au
deposits on the particles and fills out the shell. The absorbance wavelength reaches a maximum
value when shell growth comes to completion to form a uniform coating on the silica cores.
As the Au shell thickness continues to increase, the plasmon peak wavelength also decreases.
This is consistent with expectations, as the plasmon absorbance peak of a Au nanoshell shifts
to shorter wavelength as the ratio of core radius to shell thickness, decreases.?:3:"
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Table 1 summarizes the lowest wavelength plasmon peak of each nanoshell sample. The largest
silica core particles exhibited the maximum red-shift of the plasmon absorbance peak of the
samples at 733 nm, and the maximum plasmon peak wavelength was found to decrease as the
core diameter was decreased. Part of the reason for this observed size dependence of the longest
wavelength plasmon peak is that the ratio of the core radius to shell thickness is limited by the
the seed particle diameter—the shell thickness cannot be less than the seed particle size.
Therefore, the maximum core radius/shell thickness ratio possible for each sample depends on
the silica core size. For instance, 28 nm diameter silica spheres have a minimum possible core
radius/shell thickness ratio of 7 when 2 nm diameter Au seeds are used, which yields a plasmon
peak wavelength of 790 nm.>* In practice, the minimum shell thickness is always slightly
greater than the seed diameter; the minimum Au shell thickness observed in any of these
samples was 10 nm. The thinnest Au shells obtained on 118 nm diameter silica particles had
a thickness of 11 nm (from TEM), which corresponds to a core radius/shell thickness ratio of
5.4. Based on Mie theory, nanoshells need a core radius/shell thickness ratio of at least 4.5 to
exhibit a plasmon resonance of 700 nm or greater. To obtain core/shell ratios of 4.5, Au shell
thicknesses of 3.1 and 4.2 nm are needed for 28 and 38 nm diameter silica spheres, respectively,
which are not experimentally accessible and the reddest plasmon peak wavelengths for these
nanoshells was 653 and 644 nm, respectively.

The nanoshell thickness was estimated using the experimentally measured plasmon peak
wavelength with Mie theory,>* and compared to the thickness measured by TEM. Table 1 lists
the core/shell size ratios determined from the two measures. The shell thicknesses estimated
from the using Mie theory were generally thinner than those measured by TEM and for the
nanoshells smaller than 100 nm, the deviation was significant. Part of the deviation is due to
the fact that the experimental absorbance peaks are generally broader than those predicted using
Mie theory, as a result of the size distribution in the sample, surface roughness and aggregation.
In the case of the 74 nm diameter nanoshells, Mie theory does not predict a single plasmon
resonance peak at 697 nm for any cores/shell ratio, suggesting that the Au shells may still be
incomplete for this sample (See Supporting Information for more discussion about comparison
between Mie theory calculations and the experimental data).

Model for Size-Dependent Nanoshell Aggregation

After many experimental trials to deposit Au nanoshells on silica particles less than 60 hm in
diameter, it became clear that these smaller diameter Au-coated silica particles were much
more prone to aggregation than the larger diameter nanoshells. Calculation of the interparticle
potential as a function of nanoshell diameter reveals why this is the case. Due to their higher
surface curvature, the smaller diameter nanoshells have a more diffuse charge double-layer
and as a result are not as well stabilized from aggregation as the larger diameter particles,
despite their weaker van der Waals attraction compared to the larger diameter nanoshells.

The pair interparticle potential V¢, can be approximated as the sum of an (attractive) van der
Waals V5 potential and a (repulsive) double-layer potential Vg:%

Vnet:VA+VE (1)

The magnetic dipole coupling between silica-coated iron oxide nanoparticles was not included
in the calculations because the interaction is of the order of 0.001 kT or less and is insignificant
(Supporting Information). Vg between two particles of equal radius r, separated by a distance
X, (c.f. Figure 4) is®>:%6
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Table 2 provides a description of the parameters. The solvent ionic strength I, is estimated to
be <5 mM during Au nanoshell growth, and also ~5 mM during Au nanoparticle attachment
to the APTS-silica (see Supporting Information for a further discussion).

Va can be determined for silica particles coated with Au seed particles, like those illustrated

in Figure 4. The Hamaker constant A, of such a typical sheath layer composed of Au and water
159
is

N, N.,
A= (—~ Al N .A,{/ZJ

g w (5)

Ny and Ng° are the number densities of pure water (w) and Au (g), and N, and Ng are the
number densities of water and Au in the sheath layer. The number n of Au nanoparticles on
each silica particle prior to Au deposition is

n= 2y
I 1 - cos (sinfl(%_))] (6)

It follows that the Au and water concentrations in the sheath layer are®0

_Pg'L . n-o
Ne= M, 3. [(r+6)3 - r3]

(7)

(8)

The Hamaker attractive potentialV is®®

Langmuir. Author manuscript; available in PMC 2010 October 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rasch et al.

Vi=——

A

1
12

2 2
[H.;- A2 AV LH, - AV - AV K H gt ) - (A2 — AV 412 —A.ﬂ/z)j

Page 9

(9)

The Hamaker constants (Ay, Ap, As) are listed in Table 2. The Hamaker functions for the sheath-
sheath (Hs), particle-particle (Hp), and particle-sheath (Hps) interactions used for the
calculations are provided in the Supporting Information.

Calculations of Vet as a function of nanoshell core diameter under conditions that reflect those
at the onset of Au nanoparticle attachment and Au nanoshell growth are plotted in Figures 5
and 6. For all of the nanoshell diameters, there is a repulsive peak in Vet (X), but it is weaker
for nanoshells with decreased diameter. The peak repulsion for the 30 nm diameter nanoshells
is ~10 kT (260 meV) versus ~25 KT for the 120 nm diameter nanoshells. Since this barrier
represents an activation energy for particle aggregation (W o exp (— VgykT)), the 30 nm net
diameter nanoshells are approximately 107 times more likely to aggregate with each
interparticle collision in solution.% The Au-decorated silica spheres also exhibit this dramatic
difference in stability with differing particle diameter, though the silica spheres of all the sizes
studied are expected to become more stable after the Au is adsorbed.

Considering that the aggregation rate z (per unit volume of two spherical particles of equal size
164
is

3. W (10)

where 7, is the solvent viscosity, and N is the number concentration of colliding particles,
perhaps the extent of aggregation could be reduced by decreasing the concentration of the
smaller diameter silica particles. In practice, however, this is not possible. As noted in Table
1, smaller diameter nanoshells required higher silica particle concentrations than the larger
diameter nanoshells. The nanoshells were deposited using the same Au concentration in the
growth solutions, as diluting the nanoshell growth solution was found to be less effective at
producing nanoshells with red-shifted plasmon resonance peaks.50 Therefore, because
deposition of the same amount of Au on a smaller sphere results in a larger Au shell thickness
than for a bigger silica particle, a much higher number concentration of the small silica spheres
is needed to obtain the same Au thickness as on the larger silica particles. Figures 7 and 8 show
the calculated colloid stability coefficient and aggregation rate for different particle sizes.61
The calculated aggregation rate increased by several orders of magnitude as the silica core size
was reduced from 130 nm to 20 nm. Under identical solution conditions, the 30 and 40 nm
diameter silica spheres are significantly less stable than the larger diameter silica spheres, and
therefore are much more prone to aggregation. The aggregation happens prior to Au deposition,
which begins after adding the formaldehyde reducing agent and fuses the silica aggregates
together with a common layer of Au.

Conclusions

As their diameter decreases from 120 nm to 30 nm, Au nanoshells are more prone to aggregation
during the Au shell deposition step. Rather extensive aggregation is observed by TEM and is
apparent from their absorbance spectra. Model calculations of the interparticle potential
revealed that the significant aggregation of smaller diameter Au nanoshells is related to the
more diffuse charge double layer of the smaller particles. The energy barrier inhibiting
aggregation decreases as the particle diameter decreases; for example, 30 nm diameter
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nanoshells are 107 times more likely to aggregate than the 120 nm diameter nanoshells with
each Brownian collision.

The smaller diameter nanoshells also exhibit less optical tunability of their plasmon absorbance
peak to the red than larger diameter nanoshells. The core/shell size ratio dictates the plasmon
peak energy and the size of the gold seeds provides a lower limit to nanoshell thickness. In
practice, the shells are thicker than this as a result of the shell deposition process, with a
minimum thickness of ~10 nm. This limits the plasmon resonance frequency well into the
visible wavelength range for the smallest diameter 30 nm silica spheres.

To obtain small diameter Au nanoshells with strong absorption near the NIR wavelengths,
smaller Au nanoparticle seeds are needed in order to obtain higher core/shell size ratios. This
is a challenge, but perhaps more significantly, a high nanoshell aggregation rate would still be
a problem. Perhaps one approach that might enable stable small diameter Au nanoshells (20—
60 nm in diameter) to be synthesized would be the use of a surfactant- or microemulsion-based
reaction medica that provides steric stabilization of the growing shells, as opposed to charge
stabilization. This chemistry has yet to be developed, but should be possible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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regardless of the silica particle size. This was to ensure consistent Au attachment during this step.
Calculation of nanoparticle concentration and surface area are described in the Supporting
Information. A large excess of Au nanoparticles are used for attachment, and silica surface area
concentrations in the range of 100-500 cm2/mL provided about the same Au surface coverage.
Concentrations of silica surface area lower than this range did not improve the Au surface coverage.

We tried diluting the nanoshell growth solution to reduce the aggregation that occurred during Au
shell deposition. The experimental details and results are provided in the Supporting Information.
First, we tested how changes to the shell growth solution parameters affected Au deposition onto the
largest silica spheres (118 nm diameter). The pH (~8.0, adjusted with dilute NH4OH), concentration
of reducing agent, and ratio of Au ion concentration to silica particles were held constant, and the
shell growth medium was diluted using one of three different solutions: 1) DI water (adjusted to
pH~8.0 with concentrated NaOH), 2) aqueous potassium carbonate (1.8 mM, the same concentration
for preparing the gold hydroxide solution), and 3) an aqueous HEPES buffer (50 mM, pH~8.0). For
the 118 nm nanoshells, only dilution with 1) did not affect the wavelength of the plasmon absorbance
peak. Unfortunately, applying this dilution strategy with 1) to the small silica spheres (30 nm
diameter) yielded a nanoshell product with a very weak, blue-shifted plasmon absorbance peak
relative to the case with no dilution. We also tried diluting the growth solution with 118 nm silica
spheres using DI water at pH=5.5, allowing the pH of the growth solution to drop away from the
amine pKj, though this did not offer any improvement in the broadness or position of the plasmon
absorbance peak.
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If n Au seeds on each silica particle grow symmetrically and independent of one another, equations
7 and 8 can apply to the sheath layer during shell growth by increasing & until the seed particles form
a closely-packed lattice. This tight arrangement of n small spheres on the surface of a larger sphere
relates to the Tammes problem, which has only been solved for n up to about 80.6566 For a large
number of tightly-packed spheres (50 < n < 80), the maximum fraction of spherical surface covered
remains constant at about 0.83 independent of n.66 Applying this result to each of the four silica core
sizes, we found that the seed particles attain optimum packing on each core surface after growing to
a diameter of 5.0 nm. Thus, the Au nanoparticles will definitely have to fuse when the shell thickness
exceeds 5.0 nm, and equations 7 and 8 will no longer be valid beyond this point (the sheath layer
will essentially be all Auanyway). The TEM images in Figure 2iii suggest that the Au seeds probably
do not grow uniformly, so we focused our analysis of the sheath layer on the 2-3 nm Au-decorated
silica spheres at the onset of Au shell growth.

The colloidal stability coefficient W, or inverse aggregation probability, is
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2 D12 ( Vnet(x)) dx
W=2rc- .
Dy (%)
0

kT (x+ 21‘)2
The stability coefficients were evaluated using trapezoidal numerical integration and the results are
plotted in Figure 7. For the undecorated silica spheres, W increases with particle size, and the results
are well within the range of calculated values reported by Speilman and coworkers.%7
Wu Z, Xiang H, Kim T, Chun M, Lee K. J Coll Int Sci 2006;304:119-124.

Park S, Park M, Han P, Lee S. Bull Korean Chem Soc 2006;27:1341-1345.

64,67

(11)

Langmuir. Author manuscript; available in PMC 2010 October 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rasch et al.

Page 13

64. Valioulis FA, List JE. Adv Colloid Interface Sci 1984;20:1-20.
65. Clare BW, Kepert DL. Proc R Soc Lond A 1986;405:329-344.

66. Bruinsma RF, Gelbart WM, Regurea D, Rudnick J, Zandi R. Phys Rev Lett 2003;90:248101.
[PubMed: 12857229]

67. Spielman LA. J Coll Interf Sci 1970;33:562-571.

Langmuir. Author manuscript; available in PMC 2010 October 6.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Rasch et al. Page 14

Figure 1.

TEM images of silica particles with varying size: (A) 118 £5nm; (B) 74 +3nm; (C) 38 £ 1
nm with 5.0 £ 0.8 nm diameter iron oxide core; (D) 28 = 1 nm—coated with Au nanoshells.
Each frame shows the nanoshells at different stages of the deposition process: (i) bare silica;
(ii) Au nanocrystal-decorated silica; (iii) partial Au shell growth; (iv) complete Au shell
formation.
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Figure 2.

Illustration of Au nanoshell (yellow) deposition on asilica particle (gray) or silica-coated iron
oxide (brown) particle. Formaldehyde reduces gold hydroxide to Au, which deposits
heterogeneously on the nanoparticle (NP) seeds on the silica particle surface. Nanoshell growth
is complete when sufficient gold hydroxide has been added so that the seeds grow and coalesce
into a continuous shell (final step).
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Figure 3.

Optical absorbance spectra of Au nanoshells on silica spheres of varying diameter and shell
thickness. Nanoshells with the most red-shifted plasmon peak are labeled as “100% complete.
Incomplete nanoshells exhibit plasmon peaks at lower wavelength than the complete shells
and the plasmon peak shifts back to the blue as the nanoshell thickness is further increased.
The absorbance axis scale is linear.
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Figure 4.

Model geometry of silica particles (material, p; radius, r) covered by a sheath layer of Au
nanoparticles (material, s; thickness, 3) that was used to determine the pair interparticle
potentials. Material s is a composite layer made of Au nanoparticles covering 30% of the silica
surface and separated by solvent. The nanoparticle surfaces are separated by a distance x across
the water medium (material, w). The overall nanoparticle radius is r + 3.
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Figure 5.

Pair interparticle potential (black curves), van der Waals attraction (red curves) and
electrostatic double-layer repulsion (green) calculated using Egns 1-8 for nanoshells with silica
core diameters noted in the legend. Calculations were performed for silica spheres coated with
APTMS at pH of 3: (=42 mV.62:63
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Figure 6.

Pair interparticle potential (black curves), van der Waals attraction (red lines), and electrostatic
double-layer repulsion (green) calculated using Eqns 1-8 for nanoshells with silica core
diameters shown in the legend. The calculations are for silica spheres decorated with 3 nm Au
nanoparticles (30% coverage) at pH of 7: {= —32.5 mV.62,63
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Calculated colloid stability coefficient for different size Au nanoshells at the onset of Au-

decoration (APTS-Silica) and Au shell deposition (Au-decorated Silica).
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Calculated aggregation rate for different size Au nanoshells at the onset of Au-decoration

(APTS-Silica) and Au shell deposition (Au-decorated Silica).
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Table 2
Parameters used to model nanoshell aggregation.
Parameter Description Value Reference
KT Thermal energy 4.04%x 102 57
e Fundamental charge 1.60x 10°°C 57
£ Vacuum permittivity 8.85 x 102 C¥N-m? 57
€rel Solvent relative dielectric constant 80.1 57
L Avogadro’s number 6.02 x 10%° mol™* 57
| Solvent ionic strength ~5mM See supporting info.
¢ Au nanoparticle surface coverage 30% 6’39
Py Au bulk density 19.3 g/cm® 57
Pw Water bulk density 0.997 g/cm3 57
M, Au molar mass 196.97 g/mol 57
My, Water molar mass 18.02 g/mol 57
Ny Water viscosity 0.89 cP 57
) Thickness of Au nanocrystal layer 3nm TEM measurement
A Au Hamaker constant in vacuo 48x10%0) See supporting info.
A, Water Hamaker constant in vacuo 3.7x10°%) 58
A Silica Hamaker constant in vacuo 147 %102 58

p
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