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ABSTRACT

Spiky gold nanoparticles show structure-tunable optical properties. Most synthetic procedures,
however, cannot independently manipulate the overall particle shape, core size, and spike features.
Furthermore, conventional protocols rely on cytotoxic and/or strongly bound surfactants that limit
applications. This paper reports a set of parameters to manipulate the anisotropic features of spiky
gold nanoparticles grown using different biocompatible Good’s buffers through a seed-mediated
synthesis. Spike dimensions were preserved even when large seeds (up to 100 nm) were used.
Finally, we obtained particles with high sensitivity to changes in the refractive index of the

surroundings by tuning the spike length and width.
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INTRODUCTION

Size, shape, and dielectric environment determine the physical and chemical properties of
anisotropic gold nanoparticles (AuNPs).! Among the different morphologies, AuNPs constructed
from spherical cores and protruding spikes—spiky nanoparticles—are of interest because they
show (1) localized surface plasmon (LSP) resonances tunable by spike and core dimensions;> (2)
strong electric field enhancements at the tips of spikes that result in the highest surface-enhanced
Raman spectroscopy enhancement factors among all particle shapes;** and (3) sensitive optical
responses for local refractive index sensing.’® Spiky AuNPs are typically synthesized through
seed-mediated methods, where small seeds (<30 nm) are added to a growth solution containing
shape-directing agents.”® These syntheses, however, cannot independently manipulate anisotropic
features and size, such as changing spike dimensions without altering the overall particle size. In
addition, the strongly bound and usually cytotoxic surfactants used to promote anisotropic
growth™!? limit the use of spiky AuNPs in biological applications, such as drug delivery'"!? and
imaging.'

Biocompatible Good’s buffers, such as EPPS, HEPES and MOPS, can be used as both reducing
and shape-directing agents of gold salts in the seedless synthesis of gold nanostars (AuNS).!*
Although AuNS seem to lack a well-defined core, they show optical responses similar to spiky
AuNPs because of their protruding features.”!* AuNS have advantages over spherical particles,
such as (1) multiple surface curvatures (positive, negative, neutral) that enhance the relaxivity of
particle-bound magnetic resonance imaging contrast agents,'> (2) higher catalytic performance,'¢
and (3) higher emission intensities when used as cavities in random lasing.!” Because of the room-
temperature growth conditions, as-prepared AuNS are highly heterogeneous, and tedious sorting

steps are needed to refine the structural distributions.'®!” A protocol that combines the spiky



features produced by Good’s buffers and the monodispersity of seed-mediated growth would
represent an advance in the synthesis of anisotropic NPs. An initial attempt to combine HEPES
and Au seeds, however, could not produce spiky AuNPs without the addition of a mutagenic
reducing agent.?’

Here we report a seed-mediated synthesis of spiky AuNPs from non-cytotoxic Good’s buffers
and large (> 30 nm) colloidal Au seeds. The type of buffer (EPPS, HEPES, MOPS) controlled the
final AuNP morphology, including particle shape and size and optical properties. Spike and core
dimensions were tuned by changing seed concentration and pH. Our protocol allowed to preserve
the spike dimensions, which kept the primary LSP wavelength position constant, as the seed size
increased from 30 nm to 100 nm. Finally, we found that AuNPs with higher aspect-ratio spikes
showed extremely high refractive index sensitivities (AA/An = 533 nm/RIU) to different bulk

solutions.

RESULTS AND DISCUSSION
Seed-mediated growth of spiky AuNPs with Good’s buffers

Scheme 1 depicts the synthesis of spiky AuNPs using seeds and Good’s Buffers. We first
focused on the EPPS buffer because of its recent use in growing anisotropic NPs.?"?> HAuCls (0.2

mM) and EPPS buffer (100 mM, pH 7.0) concentrations were kept constant in all growth solutions
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Scheme 1. Seed-mediated growth of spiky AuNPs with Good’s buffers



since these conditions produced stable particles in previous seedless protocols.'*?> The main LSP
resonance blue-shifted from 750 to 640 nm as the concentration of 60-nm Au seeds increased
(Figure 1a), and AuNPs with larger spikes (up to 21 £ 6 nm) and bigger cores (up to 86 £ 5 nm)
were obtained from a lower number of seeds (Figures 1b-c). Fewer nucleation seeds resulted in
higher amounts of Au*" reduced to Au on each seed and the growth of larger particles.

We tested two other Good’s buffers with chemical structures similar to EPPS: (1) HEPES,
which has the same primary functional group (piperazine ring) and (2) MOPS, which has the same
side chain (propane sulfonate) (Figure S1). For particles grown with HEPES buffer (pH 7.0), the
addition of higher concentration of 60-nm seeds shifted the LSP from 725 to 750 nm (Figure 2a).
The spike dimensions were similar for all samples, and the core size decreased with higher seed
concentration (Figure S2a). At very low seed concentrations (5 pM), there were some particles that

grew through the seedless mechanism (AuNS shape without a spherical core) because of the lack
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Figure 1. Spiky AuNPs grown with EPPS buffer at pH 7.0 and 60-nm seeds. (a) UV-
Vis spectra, (b) dimensions and (¢) TEM images of AuNPs grown with EPPS as function
of seed concentration.



of nucleation sites. The morphologies of spiky AuNPs obtained using HEPES were similar to the
ones synthetized with EPPS because both Good’s buffers show comparable radical generation
profiles associated with anisotropic NP growth under these experimental concentrations.??

MOPS buffer (pH 7.0) with 60-nm Au seeds resulted in both larger and shorter spikes within
the same particle (Figure 2b and Figure S3). Two LSP bands (at wavelengths A1 and A2) were
observed as result of the different branch lengths (Figure S2b). At low seed concentrations, the
particles had higher numbers of long spikes, and the LSP at > showed higher intensity than A1. As
the amount of seeds increased and Au*" and MOPS concentrations were kept constant, shorter
branches were dominant in the final structures because the available Au was distributed among
more seeds. The decrease of spike length resulted in a blue-shift in wavelength of the LSP bands
and an increase of the LSP intensity at A1. The weak LSP resonance of the core around 550 nm
was only visible for particles grown with 5 pM seeds because the LSP of the shorter spikes and

core overlapped at high seed concentrations. The LSP position and intensity of the core were
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Figure 2. Spiky AuNPs grown with different HEPES and MOPS at pH 7.0 and 60-nm
seeds. UV-Vis spectra and TEM images of AuNPs grown with (a) HEPES and (b) MOPS as
function of seed concentration.




similar with previous simulations.>” Since MOPS has only one Au**-reducing tertiary amine
(EPPS and HEPES have two),' the reaction kinetics were slower (Figure S4) and produced AuNPs
with higher aspect-ratio features compared to EPPS and HEPES. Although spiky AuNPs grown in
EPPS, HEPES, and MOPS at pH 7.0 (10-pM seeds) had different spike dimensions, they had
similar Feret diameters (Table S1). Lastly, this NP seed-mediated protocol produced between 90
to 100% spiky AuNPs with MOPS (Figure S5) compared to 53% of particles with spikes grown

by the seedless method'* (Figure S6).

Effect of pH on anisotropic particle growth
Next, we studied the seed-mediated growth of spiky AuNPs at different pH (6.0, 6.5 and 7.0)
since pH has been identified as a key factor to achieve NPs with anisotropic features.?> We kept

the pH of all solutions below the lowest pK. of the buffers (MOPS, 7.2) since particles synthesized
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Figure 3. Higher pH promotes the growth of larger spikes. UV-Vis spectra and TEM
images of AuNPs grown with 60-nm seeds (10 pM) and (a) EPPS, (b) HEPES and (¢) MOPS
as function of pH.



in pH above the pK. are not stable.'* The lowest pH was 6.0 because HEPES does not grow AuNPs
when the pH is below about 5.5.2* As pH increased, EPPS and HEPES showed similar trends with
the LSP wavelength red-shifting from ca. 590 to 700 nm as the spikes became longer (Figures 3a-
b). For MOPS at pH 6.0, one LSP was recorded ca. 580 nm because the AuNPs had very short
branches (Figure 3¢). Two LSP resonances (at wavelengths A1 and A2) appeared at pH 6.5 from
the growth of spikes with two different lengths within the same particle. At pH 7.0, the resonance
at A2 further red-shifted and showed higher intensity than A1 because there were more particles
with higher aspect-ratio branches. These results agree with a previous AuNS study that found that
higher aspect-ratio features formed at higher pH'* because the binding affinity of HEPES for Au

increases as the amines from the piperazine ring are deprotonated.?

Effect of AuNP size on optical properties
Deconstructing effects of spikes and core on the optical response is difficult because common
synthetic protocols change spike features when the particle core size is increased.?® We addressed

this issue by growing AuNPs with distinct core sizes but similar spike dimensions with EPPS
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Figure 4. AuNPs with same spike dimensions grow on different seed sizes. (a) UV-Vis
spectra and (b) TEM images of AuNPs grown with EPPS and 30, 60 and 100 nm seeds.



buffer (pH 7.0) and 30, 60 and 100-nm seeds (Figure 4). The synthetic conditions were optimized
to preserve the spike dimensions (Table S2) from different seeds (Figure S7). Because the spikes
were similar for all three particles, the dominant LSP was at ca. 700 nm. An increase in overall
AuNP size, however, resulted in broader spectra. The absorbance and scattering portions of the
LSP resonances were experimentally measured with absorption dominating at smaller sizes (30
and 60-nm seeds) and the scattering component increasing with core size because of larger particle
cross-sections (Figure S8). These trends were consistent with finite-difference time-domain

(FDTD) simulations of the spiky AuNPs (Figure S9).

Shape and size effects on refractive index sensitivity

Spiky AuNPs grown in EPPS, HEPES or MOPS at pH 7.0 with similar Feret diameters (96 +
4,94 £5, and 96 = 6 nm, respectively) were compared to determine the effect of shape on refractive
index (n) sensitivity. Different volumes of H20 and glycerol were combined to change the n of the
solution (Table S3). When n was increased from 1.33 to 1.47, the LSP of all spiky AuNPs red-
shifted and broadened (Figure 5), which was consistent with previous simulations for spherical
and rod-shaped AuNPs.?’ Refractive index sensitivity can be defined as the shift of the LSP
resonance after increasing n of the medium (AA/An).?®?° Particles grown with EPPS and HEPES
that were similar in shape and size showed comparable sensitivity with AA/An = 327 and 363
nm/(refractive index unit, RIU), respectively (Figures 5a-b). The LSP at A2 of spiky AuNPs grown
with MOPS (Figures 5c-d) was the most sensitive to changes in the environment (AA/An = 533
nm/RIU) because the resonance originated from spikes with longer aspect ratios. The LSP
resonance at A1, which resulted from shorter aspect ratio spikes and was at bluer wavelengths, was
the least sensitive (AA/An = 210 nm/RIU). These results agree with previous work that found

elliptical AuNPs with higher-aspect ratios were more sensitive to changes in the particle



surroundings because of enhanced AuNP polarizability and higher surface area to volume ratio.*
Finally, we compared spiky AuNPs grown with EPPS (pH 7.0) and 30, 60 and 100-nm seeds to
investigate the effect of NP core size on refractive index sensitivity (Figure S10). Although
sensitivity increased from 304 to 387 nm/RIU with core size, particle shape had a larger effect than

size. These results are consistent with studies on other anisotropic NPs, such as Au nanorods and
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Figure 5. AuNPs with sharper features show higher refractive index sensitivity. TEM
and UV-Vis spectra of spiky AuNPs grown with 60-nm seeds (10 pM) and (a) EPPS, (b)
HEPES and (c) MOPS in different refractive index environments. The TEM box dimensions
are 200 nm x 200 nm. All spectra were normalized by adjusting and scaling the LSP maxima
to extinction value of 1.0. For particles grown with MOPS, the normalization was done
relative to the more intense LSP resonance (A2) (d) Shift of the LSP band of different particles
as function of refractive index.

CONCLUSIONS
In summary, we established a set of parameters to manipulate the size, shape, and optical

properties of spiky AuNPs. This protocol uses biocompatible Good’s buffers to promote the



growth of anisotropic features on colloidal cores instead of conventional cytotoxic directing agents
and enables individual manipulation of specific features. Spike dimensions and LSP band position
were preserved when changing the seed size from 30 up to 100 nm. The high aspect-ratio features
of spiky AuNPs grown with MOPS buffer showed the highest bulk refractive index sensitivity.
Our procedure expands the library of AuNPs with sharp anisotropic features, which may provide

opportunities in biosensing, catalysis, and therapeutic applications.
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EXPERIMENTAL SECTION

Materials

4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS), 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES), 3-(N-morpholino)propanesulfonic acid (MOPS), chloroauric
acid, tri-sodium citrate dihydrate (sodium citrate), hydrochloric acid (37%), and nitric acid (70%)
were bought from Sigma Aldrich, St. Louis, MO. 30, 60 and 100-nm AuNPs stabilized with citrate

and dispersed in water were purchased from Ted Pella Inc., Redding, CA.

Synthesis of spiky AuNPs with Good’s buffers and characterization

Spiky AuNPs were synthesized in 20 mL scintillation glass vials (Cole-Parmer, Vernon Hills,
IL) by adding 100 mM (final concentration) Good’s buffer to AuNP seed solutions of varying
concentrations. Each solution was stirred at 400 rpm for 30 s before the addition of 0.2 mM
chloroauric acid (final concentration). The resulting solutions were stirred for 30 min and left

undisturbed at room temperature for 12 h. The final volume of the solutions was 10 mL.

The extinction spectra of spiky AuNPs were recorded with a Cary 5000 UV-vis-NIR
spectrophotometer from Agilent Technologies, Santa Clara, CA. The absorbance spectra were
recorded with a Diffuse Reflectance Accessory and a Cary 5000 UV-vis-NIR spectrophotometer,
and scattering spectra were calculated by subtracting the absorbance spectra to the extinction ones.
AuNP morphologies were characterized with the images obtained by a JEOL 1230 transmission
electron microscope, JEOL Ltd, Tokyo, Japan. The spiky AuNP sizes were reported as the average
of their Feret diameters (size of the particle in a specific direction). The concentrations of AuNP
seeds were quantified by inductively coupled plasma mass spectrometry (ICP-MS, iCAP Q,

Thermo Fisher Scientific, Waltham, MA). The AuNP samples were digested before ICP-MS
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quantification in a 1:1 mixture of nitric acid and hydrochloric acid for 30 min, and subsequent 20-

fold dilution in milli-Q water.

Simulations and data analysis

A script implemented by R programming using the mclust package was used to analyze the
size distribution of the nanoparticles and spikes. Bayesian information criterion (BIC) analysis was
performed under the assumption that the variance varied between distributions for a range of
clusters (number of distributions). Because modeling by two clusters resulted in the lowest BIC
value for the spiky AuNPs grown with MOPS, we confirmed the data was made of two different
spike populations. The function ‘mclustModel’ was used to model the distributions, and the
averages and standard variations were calculated.

Finite-difference time-domain (FDTD) simulations based on commercial software (FDTD
Solution, Lumerical Inc., Vancouver, Canada) were used to model the linear properties (far-field)
of spiky AuNPs. The optical constants of Au were taken from Johnson and Christy (400-1200
nm).>?> A uniform mesh size of 0.4 nm was imposed on the particles. The spiky AuNP was placed
in a cubic total-field/scattered-field source with a size of 300 nm to calculate the optical cross-
sections. A cubic shape analysis group consisting of six frequency-domain monitors with size of

180 nm (350) was placed around the particle to calculate the absorption (scattering) cross-section.
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