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ABSTRACT: We demonstrate the application of nanoparticle tracking analysis (NTA)
for the quantitative characterization of gold nanostars (GNSs). GNSs were synthesized by
the seed-mediated growth method using triblock copolymer (TBP) gold nanoparticles
(GNPs). These GNPs (≈ 10 nm) were synthesized from Au3+ (≈ 1 mM) in aqueous
F127 (w/v 5%) containing the co-reductant ascorbic acid (≈ 2 mM). The GNS tip-to-
core aspect ratio (AR) decreased when higher concentrations of GNPs were added to the
growth solution. The AR dependency of GNSs on Au3+/Au(seed) concentration ratio
implies that growth is partly under kinetic control. NTA measured GNS sizes,
concentrations, and relative scattering intensities. Molar absorption coefficients ∼ 109−
1010 M−1 cm−1 (ε400 nm) for each batch of GNSs were determined using the combination
of extinction spectra and NTA concentrations for heterogeneous samples. NTA in
combination with UV−vis was used to derive the linear relationships: (1) hydrodynamic
size versus localized surface plasmon peak maxima; (2) ε400 nm versus localized surface
plasmon peak maxima; (3) ε400 nm versus hydrodynamic size. NTA for quantitative characterization of anisotropic nanoparticles
could lead to future applications, including heterogeneous colloidal catalysis.

■ INTRODUCTION
Gold nanostars (GNSs) attract intense interest because of their
exciting applications in molecular detection, imaging, catalysis,
and therapeutics.1−4 Incident light induces localized surface
plasmon resonance (LSPR) in GNSs, with red shifting to the
near-infrared range. The LSPR absorbance of GNSs in the
infrared region allows soft tissue imaging. Light−matter
interactions with GNSs are strong, causing huge enhancements
in normalized local electric field intensities (∼ 103−105 fold),
which are helpful for surface-enhanced Raman spectroscopy
(SERS) applications.5,6 The growing interest in GNSs is based
on observations that nanomaterials’ sizes and shapes affect
their physical and chemical properties. Morphological control
is achieved routinely for polyhedral gold nanoparticles (GNPs)
in the ∼ 2−100 nm range,7,8 but this has not been the case for
GNSs. Therefore, efforts are ongoing to achieve: (i) a
mechanistic understanding of the GNS growth processes; (ii)
develop shape control; and (iii) robust methodologies for
conveniently calculating concentrations of colloidal suspen-
sions for therapeutic applications.
To accurately quantify GNP concentrations, the standard

protocol involves initial digestion in concentrated acid,
followed by emission spectroscopy to measure total gold
concentration. The NP concentrations are then calculated
assuming polyhedral (quasi-spherical) shapes and homoge-
neous sizes. However, using this approach results in low
quantitative accuracy for anisotropic NPs. Alternative rapid
and nondestructive quantitative methods are needed. Quanti-
fication of size and concentration of GNSs is challenging due

to their heterogeneous nature. Nanoparticle tracking analysis
(NTA) can visually track and count NPs within the 30−1000
nm range and estimate their concentrations.9 NTA has been
used to determine the sizes and concentrations of vesicles and
gold nanomaterials.10−13 However, it is noted that the
recorded sizes represent hydrodynamic diameters and, for
anisotropic nanoparticles (NPs), are equal to an equivalent
sphere with some translational diffusion coefficient. The typical
rotational frequency of gold nanorods is 103 s−1, while the
NTA camera collection time is 102 s−1, and thus NP anisotropy
is averaged out in the extracted hydrodynamic diameter.14 The
concentration determined from NTA and the extinction
spectra from UV−vis spectroscopy are used to determine the
extinction coefficient. NTA accounts for heterogeneity in each
unique GNS batch solution.
GNS synthesis protocols are classified into seeded and one-

pot approaches.3 Seed-mediated syntheses are based on
temporal separation of nucleation and growth processes.8

The most common method for synthesis of GNSs is based on
the protocol used to make gold nanorods.15,16 In this context,
single or polycrystalline GNP seeds are added to a growth
solution containing precursor gold salt, a cationic surfactant
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such as cetyltrimethylammonium bromide (CTAB), and a
weak reducing agent [ascorbic acid (AA)].17−20 Alternatively,
one-step GNS synthesis approaches include using Good’s
buffers, such as N-2-hydroxyethylpiperazine-N′-2-ethanesul-
fonic acid (HEPES), as both a reducing and stabilizing
agent.21−25

The size and crystallinity of GNP seeds dictate the final
morphology of GNSs.26−28 In growth solutions containing AA
and CTAB, single-crystal GNP seeds (< 3 nm) produce rods,
while polycrystalline seeds (> 5 nm) produce various
morphologies including polycrystalline rods, bipyramids,
plates, stars, and polyhedral NPs.17,24 Moreover, various
shapes (rods, dog-bones, plates, etc.) of GNPs can be
produced when Pluronics are included as additives in the
growth solution.29 For example, Nehl and co-workers used
polymer-stabilized citrated NP seeds (≈ 10 nm) in a growth
solution to produce GNSs.30 However, the authors noted that,
while commercially produced citrate seeds lead to very
reproducible results (∼ 14% yield of three or more tips),
they were wary of ultimately relying on a commercial supplier
of seed particles.
Bipyramidal structures are observed using CTAB31- or

CTAC32-coated GNP seeds. In the seedless one-pot approach,
the morphology of the multi-spiked NPs is penta-twinned.19

These produced penta-twinned structures exhibit growth along
the ⟨110⟩ direction. The reducing power of AA (redox
potential more negative) increases with pH, with a larger
fraction of (partially) deprotonated AA present, which leads to
higher reduction rates.32 Mass transport of gold adds to
multiple surface planes where reduction occurs both generally
and at the interfacial regions. If temperature and reagent
concentrations (Ag+, AA) are controlled, then the Au3+/
Au(seed) ratio determines the GNS tip-to-core aspect ratio
(AR).33−37 Increasing the Au3+/Au(seed) ratio increases the
AR because there is more gold per NP.35 Similarly, in addition

to influencing the tip-to-core AR ratio, silver can stabilize the
spikes on GNSs.36

GNS growth conditions can be adjusted so that either the
thermodynamic or kinetic products predominate. NP growth is
under thermodynamic control if the lowest energy structures
are formed. In this context, the diffusion rate (Vdiff) of
adsorbed atoms is rapid, with the system in equilibrium
between high and low energy planes. However, to a lesser
extent, the process may also be subject to the lowest energy
barrier pathway (lowest transition energy) and kinetic
control.38 With kinetically controlled growth, the predominant
shape is determined by the rate of deposition (Vdep) to exposed
high-energy facets.
The balance between kinetically and thermodynamically

controlled growth is expressed as the ratio between gold atom
deposition rate and diffusion rate (Vdep/Vdiff).

39,40 When Vdep/
Vdiff < 1, Vdiff > Vdep, the depositing atoms diffuse to corners
and edges, resulting in isotropic growth to polyhedral shapes,
and NP growth is thermodynamically controlled. Regulation of
Vdiff can be adjusted by increasing temperature or using
different capping agents, such as silver or polymer, with
selective binding to high-energy planes. When Vdep/Vdiff > 1,
Vdep > Vdiff; the surface diffusion activation barrier is sufficiently
high so that atoms deposited on the highest-energy surfaces
undergo negligible diffusion. Therefore, the NP growth
becomes kinetically controlled, which facilitates anisotropic
NP growth. Deposition rate, Vdep, is positively associated with
the reaction rate, which can be increased by using a lower
concentration of seeds or increasing the reductant’s strength.
From kinetic and thermodynamic considerations, the GNS

branching depends on the magnitudes of Vdep and Vdiff.
37 High

values of Vdep represent adatoms in the growth solution
adsorbing on seed planes with high surface-free energies. With
high values of Vdiff, adsorbed adatoms diffuse rapidly between
high- and low-energy planes, and equilibrium is established. A
partial explanation for anisotropic growth includes the

Figure 1. Steps in the seed-mediated growth of GNSs from F127 TBP-coated GNP seeds. The Au3+/Au(seed) ratio determines the tip-to-core
aspect ratio, if other parameters of temperature and reagent concentrations [AA, AgNO3] remain fixed. Increasing the Au3+/Au(seed) ratio, when
the seed concentration is low, increases the tip-to-core aspect ratio. CTAB: cetyltrimethylammonium bromide.
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competition between the rate of Au mass transport (propor-
tional to Vdep) to the high energy sites and adatom diffusion
rates (Vdiff) between faces. Here, Vdep is slightly larger than Vdiff
(Vdep ∼ Vdiff). Moreover, this Vdep/Vdiff ratio is altered by
adjusting the concentration of seeds or the reduction rate of
Au3+.37 Assuming that GNS growth is reaction-limited for each
temperature, Vdep is proportional to the Au3+/Au(seed) ratio.
In our experiments, increasing seed concentration reduces the
tip-to-core ratio, with fewer spikes and larger cores due to
fewer depositing gold atoms per NP. The observed spike
growth of fivefold symmetry was also present in a high-yield-
seeded protocol using triton-X as a surfactant.36 Thus, by
manipulating Vdep, we can adjust ARs.
In this work, the GNS ARs were adjusted by varying the

concentration of GNP seeds added to the growth solution. The
silver concentration (50 μM) was high enough to inhibit
surface gold adatom diffusion, as confirmed by the stability of
UV−vis LSPR peaks days after the end of the reaction. Novel
use of triblock copolymer (TBP) Pluronics-coated GNP seeds
was employed to synthesize GNSs (Figure 1). TBPs are blocks
of polyethylene oxide (PEO) and polypropylene oxide (PPO)
in the form PEOx−PPOy−PEOx, which can be used as
reducing and stabilizing agents during synthesis of GNPs. This
is a simple, robust, and environmentally benign protocol to
synthesize GNPs. Indeed, citrated GNPs have already been
used as seeds in GNS synthesis.41−43 However, in contrast to
the Turkevich method, the compromise of broader TBP GNP
size distributions is offset by its robust synthesis at room
temperature. We note that capping of citrated GNPs by
polyvinylpyrrolidone (PVP) has been employed successfully
for seeds used to synthesize GNSs from HAuCl4 in DMF.

35

However, this requires 24 h activation in the PVP solution. We
hypothesize that (a) F127 TBP micellar cavities are soft
templates imparting size control and (b) any presence of co-
reductants increases the nucleation rate, resulting in smaller
NPs. Hence, AA was added to the F127 solution to reduce
Au3+ to Au+. TBP-coated GNP seeds (∼ 10 nm) of varying
concentrations were then added to a precursor solution for
robust yields of GNSs. The growth solution was supplemented
with AA as a weak reductant, while other reagents (CTAB,
silver nitrate) passivate the surface and allow for reproducible
shape control. Furthermore, by adjusting the added seed
volume, we can adjust GNS ARs. The visualization and
quantification capabilities of NTA were used to determine
sizes, concentrations, and molar absorption coefficients of
GNSs.

■ MATERIALS AND METHODS
Materials. Ammonium hydroxide (28−30%), NaOH (≥

98%), silver nitrate (≥ 99%), gold(III) chloride hydrate
(HAuCl4·xH2O; 99.9% trace metals basis), Pluronic F127 TBP
of ethylene oxide (EO), propylene oxide (PO)
(EO100PO65EO100, MW ≈ 12500; lot no. BCBT6374),
CTAB (99%), AA (reagent grade), sodium borohydride (≥
98%), citric acid (≥ 98%), disodium citrate (≥ 98%), 3-
aminopropyltriethoxy silane (APTES) (≥ 98%), triethanol-
amine (≥ 98%), glutathione (≥ 98%), 4-nitrophenol (4-NP)
(≥ 98%), 4-nitrothiophenol (4-NTP) (≥ 98%), poly(ethylene
glycol) methyl ether thiol (PEG6kSH) (MW ≈ 6000; lot no.
MKCL 4582), and 3-(N-morpholino) propanesulfonic acid
(MOPS) were used as received (Sigma-Aldrich, Milwaukee,
WI, USA). Milli-Q deionized (DI) water (18.2 MΩ cm) was
used.

Instrumentation. UV−vis spectra were recorded using
either Varian Cary 300 (Agilent) (400−900 nm) spectropho-
tometer or StellarNet (StellarNet Inc, Florida) (200−1080
nm) systems.
Atomic force microscopy (AFM) measurements were

collected using the amplitude-modulated (peak force tapping)
mode of a multimode-8 AFM instrument (Bruker, Santa
Barbara, CA). Digital transmission electron microscopy
(TEM) was done with a Thermo Scientific Talos L120C
(Experimental details in Supporting Information). Crystal sizes
of seeds and stars were determined with powder X-ray
diffraction (XRD), using a Bruker D8 ADVANCE with a
Lynx-Eye strip detector. The seeds and stars were prepared and
then washed with water to remove polymers (Experimental
details in Supporting Information).
Dynamic Light Scattering and Nanoparticle Tracking

Analysis. NP sizes, charges, and concentrations were also
measured by light scattering. Dynamic light scattering (DLS)
and zeta potential (ZP) measurements were made using a
model Z3000 (Nicomp, Port Richey, FL) size analyzer. The
cylindrical sample (500 μL) was laser-illuminated (632 nm),
and the scattered light was collected at 90°.
Additionally, GNS sizes were quantified (500 μL aliquot,

100-fold diluted) by NTA using a model NS3000 instrument
(NanoSight, Malvern Panalytical, CA). NTA can simulta-
neously measure the GNS concentration, scattering intensity,
and hydrodynamic diameter. The advantage of the NTA
technique is that it is not biased toward larger NPs or
aggregates. Microscope video capture (640 × 480 pixels, 30
frames per second) records the scattered light from individual
particles. Size estimates (3−1000 nm) are derived from each
particle’s Brownian motion based on the Stokes−Einstein
equation using proprietary software. Equation 1 measures the
mean squared displacement (x, y)2 of the NP in two
dimensions.9

x y
k T

R
( , )

2
3

2 B

H
=

(1)

The rate of NP movement is dependent on the temperature
of the solution T, solution viscosity η, and hydrodynamic
radius, RH, where kB is the Boltzmann constant. NTA of the
relative scattering intensities as a function of the refractive
index can distinguish NPs of comparable diameters.
Determination of Molar Absorption Coefficients.

GNS molar absorption coefficients were calculated using
Beer’s law: ε = A/(C·1 cm), where A is absorbance from the
UV−vis spectra and C is the GNS concentration (NP/mL),
which is converted to mol L−1. GNSs were diluted (10−500-
fold) with DI water prior to injection into the flow cell of the
NTA instrument. An average of five runs for each sample was
used to determine concentrations, sizes, and intensities. Three
relationships are formed where size (nm), molar absorption
ε(M−1 cm−1), wavelength λ (nm), and B, C (nm), D (nm−1),
E, F (nm−1), and G are constants.

B Csize = · + (2)

D E10 M cm ( size )400
10 1 1= · · + (3)

F G10 M cm ( )400
10 1 1= · · + (4)

Thus, from these calculated molar absorption coefficients,
the concentration (μg mL−1) of gold atoms in solution can be
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determined according to the equation below, where CAu is the
concentration of gold (μg mL−1), A400 is the absorbance at 400
nm, MAu is the molecular weight of gold (FW: 196.97 g
mol−1), ε400 is the molar absorption coefficient (M−1 cm−1) at
400 nm, and l (cm) is the optical path length.

C
A M

l
10Au

3 400 Au

400
= ×

(5)

TBP Seed Synthesis. Before use, all stock solutions were
immersed in Lab Armor Beads and equilibrated at 25−37 °C
for 30 min. Solutions of 1−5% w/v F127 were prepared at pH
∼ 5−8 in citrate (pH ≈ 5−6) or MOPS (pH ≈ 7−8) buffers
(1 mM final). In a typical NP synthesis, 5% w/v F127 in buffer
(10 mL, 1 mM) was made by combining 10% w/v F127 TBP
(5 mL), water (4 mL), and buffer (1 mL, 10 mM stock). Then,
solutions of AA (200 μL, 0.1 M) followed by HAuCl4 (100 μL,
0.1 M) were added, followed by vigorous shaking. Formation
of GNPs was left to continue for 30 min at temperatures
between 25 and 37 °C. Citrated GNPs were synthesized as
previously described.44 To these GNPs, F127 was added to
give 5% w/v F127. Growth experiments were performed with
unwashed and washed (16,000 ×g, 20 min) GNPs.
GNS Synthesis. All stock solutions were equilibrated at ≈

35−37 °C for 30 min before use. Two stock solutions were
prepared: (A) CTAB (0.1 M) and (B) HAuCl4 in CTAB (100
μL, 0.1 M Au3+ in 10 mL, 0.1 M CTAB). L-AA (100 μL, 0.1
M) was added to 5 mL of solution A. To this solution was
added 5 mL solution B. Next, AgNO3 (100 μL, 5 mM) was
added and the solution vortexed for ∼ 5 s. GNS growth was
started within 1 min by adding TBP seed solution (10−150
μL), followed by vigorous shaking. GNSs were left to form at
≈ 35−37 °C for a minimum of 30 min.
Functionalization of GNSs. GNSs were functionalized by

PEG as previously described.45 GNSs (1 mL) were washed
twice (5 min, 10,000 ×g, suspended in 5% w/v F127 to
passivate the microcentrifuge tubes) and suspended in 1 mL
50:50 v/v Tris−HCl:5% F127 (pH 3) solution. PEG6kSH (5
μL, 1 mg mL−1) was then added. The solution was sonicated
for 30 min, centrifuged twice (5 min, 10,000 ×g, suspended in

5% w/v F127 to passivate the microcentrifuge tubes), and
suspended in water.

■ RESULTS AND DISCUSSION
Protocol for GNS Synthesis and Characterization. The

synthesis of GNSs follows the seed-mediated approach with
TBP-coated GNPs used as seeds (Figure 1). Advantages of
using polymer coated rather than citrated seeds include rapid
GNP generation at room temperature, robustness, cost-
effectiveness, and higher stable GNP concentration.46 We
produced GNP seeds from a precursor solution containing 5%
w/v F127 and AA (2 mM) by adding HAuCl4 (1 mM).
Control of pH is necessary to ensure smaller (∼ 10 nm) GNP
sizes. The solution is buffered using citrate (pH ∼ 6) or MOPS
(pH ∼ 7) before adding gold salt. Because AuCl4− has a pKa of
3.3, the speciation of gold is dominated by AuCl3(OH)− (pKa
≈ 6.2). These GNPs are added to a growth solution at ≈ 35−
37 °C containing CTAB, AA, and gold and silver salts. The
sizes and shapes of GNSs are adjusted by varying the volume
of added GNP seeds.
GNP Synthesis Using Co-Reductants F127 and AA.

GNP shapes and sizes are controlled by varying the TBP to
gold salt ratio, TBP/Au3+.47,48 It is hypothesized that the
reduction of Au3+ proceeds via the oxidation of EO groups in a
pseudo-crown ether complex with gold salts, so that the
reduction of Au3+ follows the sequence Au3+ → Au2+ → Au+ →
Auo.49−51 For size control and increased reduction rates, AA is
also added to the F127 solution as a co-reductant. The rate-
determining step is the reduction of Au+ ions,49 which can
migrate into micellar cavities resulting in disproportionation
[3Au+ ⇆ 2Auo + Au3+],51 followed by metal atom coalescence
forming Au nanoclusters to yield primary nanocrystallites.
Pluronic F127 reduces Au3+, caps the GNPs, and produces a
heterogeneous size distribution.
Representative microscopy images of GNP seeds show

multiple populations (Figures 2A). Size distribution analysis by
TEM and AFM indicates bimodal size distributions centered
around 5 and 10 nm and interspersed with larger aggregates of
∼ 50 nm (Figure 2B,C). Sizes are confirmed by DLS showing
two populations centered at ∼ 10 and ∼ 50 nm (Figure 2D).
For TBP-coated GNPs, the UV−vis LSPR maximum is ≈ 520

Figure 2.Microscopy characterization of F127 TBP-coated GNPs. These seeds are synthesized using 5% w/v F127 in 1 mM MOPS buffer at ≈ 35
°C. (A) TEM images of GNPs (scale bar 50 nm). Inset: Full size distribution of (A). (B) TEM size distribution, for particles < 25 nm, with
Gaussian peak fit maxima at 5.0 ± 0.9 and 9.6 ± 3.0 nm (N = 490). (C) AFM size distribution, for particles < 25 nm, with Gaussian peak fit
maxima at 5.0 ± 1.0 and 9.0 ± 2.0 nm (N = 315). (D) DLS intensity-volume-number-weighted distributions. (E) UV−vis of TBP-coated GNPs.
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nm (Figure 2E). From the UV−vis spectrum, we can estimate
GNP size and concentration. The concentration of GNPs was
≈ 25−30 nM, estimated from UV−vis spectra using

absorbance ratios ( )R A
A

520

450
= .52 Moreover, the 520 nm LPSR

peak absorbance against time follows autocatalytic growth,47,48

after a brief induction period (not shown). GNP growth is
essentially complete after 30 s.
To evaluate the effect of temperature on NP size, syntheses

were performed between 25 and 37 °C in 5% w/v F127
solutions buffered with citrate or MOPS (1 mM).
Representative DLS data in MOPS buffer show primary
populations of GNPs below 10 nm with larger aggregates
above 30 nm (Supporting Information Figure S3A−D).
Increasing the temperature shifts the sizes of the dominant
population from ≈ 5 to ≈ 10 nm. However, increasing the
buffering capacity (2 mM) removes this temperature depend-
ence and the dominant size population remains ≈ 5 nm. The
temperature dependence of seed size is confirmed by the UV−
vis absorbance increase at 400 nm when temperature is
increased from 30 to 37 °C (Supporting Information Figure
S3E−F). GNPs synthesized in citrate-buffered solutions are
smaller, as demonstrated by their lower absorbance at 400 nm.
The impact of buffering was examined on the 5% w/v F127
micelle size and on the role of micellar cavities as templates for
NP growth (Supporting Information Figure S4). The average
micelle size is ≈ 3 nm in both buffers, implying that buffering
does not affect micellar size. However, pH affects Au3+
speciation and AA redox potential, which determine reduction
rates and subsequent GNP sizes. Moreover, the bimodal
population distribution and low-resolution TEM images of
multiple morphologies include penta- and hexa-twinned and
truncated hexagonal shape characteristic of polycrystalline NPs
(Supporting Information Figure S5).
GNS Preparation. Reproducible synthesis of high-yielding

GNSs was achieved by controlling seed crystallinity and
concentration, pH, AA concentration, AgNO3 concentration,
type of surface coating, and temperature. The growth solution
contains Au+, and we can assume that Au+ ions become
reduced as they bind the F127-coated GNPs.32 Indeed,
examination of the morphology of the TBP-coated GNP
seeds shows mixtures of plate, icosahedral, and decahedral
morphologies indicative of penta-twinned multiple twinned
structures (Supporting Information Figure S5). Decahedral
structures have exclusive {111} facets. Icosahedral morpholo-
gies have both {111} and {100} facets.53 The morphologies of
multiple twinned seeds are the platform for the generation of
branched NPs. CTAB binding would be expected to follow the
trend in surface free energies {110} > {100} > {111}. Indeed,
calculated adsorption energies of CTA+Br− are higher on
{110} and {100} than {111} facets.37 Based upon these
thermodynamic arguments, growth would be preferred in
⟨111⟩, but hindered in ⟨110⟩ directions. However, twin
boundaries of high strain energy in TBP seeds between {111}
planes are active sites for secondary growth.36,53 This is
manifested experimentally in the preferential growth along
⟨110⟩ and ⟨100⟩ directions32,33,37 and is likely in our case.
GNS growth conditions were adjusted, so kinetic products

predominate. Kinetic control is achieved by having the rate of
deposition (Vdep) larger than the diffusion rate (Vdiff). With
kinetically controlled growth, the predominant shape is
determined by the rate of deposition (Vdep) to exposed high-
energy facets. In contrast, with NP growth under thermody-

namic control, the diffusion rate (Vdiff) of adsorbed atoms is
rapid. Here, the system is in equilibrium between high- and
low-energy planes. However, under our experimental con-
ditions, kinetic control was achieved by adjusting the Au3+/
Au(seed) ratio.
Figure 3A−D demonstrates that the length of spikes relative

to cores decrease with higher GNP seed concentration (on a

10 mL scale). Inset images (A,D) show fivefold penta-twinned
and nanobipyramidal morphologies. Size distributions from
TEM are likely underestimated due to projections of three-
dimensional structures onto a two-dimensional surface.
Despite these limitations, we estimated the number and length
of spikes relative to the core. Spike lengths decrease when
higher volumes of added seeds are used (C,D). For GNSs
produced with 10 μL seeding solution, four or more spikes of
30−60 nm are observed with core sizes of ≈ 50 nm. In
contrast, when 150 μL seeding solution is used, the average
number of observed spikes tends to be fewer than four, with
frequent presence of nanobipyramids. Further, the spike
lengths are reduced to ≈ 30 nm and core sizes are ≈ 25 nm.
GNSs prepared using monodispersed citrated seeds, which

had also been coated with F127, were observed with similar
size distributions (DLS), lack of control on AR, and an
undefined number of spikes (TEM) (Supporting Information
Figure S6A−C). As a result, GNS yields above 40% were
achieved. However, two types of GNP seeds were tested. Seeds
A: Monodispersed GNP seeds (∼ 10 nm), made by Turkevich
method, were then suspended in 5% F127. Seeds B: In situ
produced seeds were made by the co-reduction with AA and
5% F127. GNSs made from ∼ 12 nm type A seeds had sizes
∼150−200 nm, with typical core sizes ∼ 100 nm (Table S2).
The density of GNS spikes was high, on average > 6. In
contrast, GNSs synthesized with type B seeds had sizes of ∼
100 nm, with typical core sizes of ∼ 50 nm. In this case, the

Figure 3. GNSs made using F127-coated GNP seeds. TEM images of
GNSs (10 mL scale) seeded with (A) 10, (B) 50, (C) 100, and (D)
150 μL of F127-coated GNPs. Scale bar of (A) inset is 50 nm. All
other scale bars are 100 nm.
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density of GNS spikes was lower, on average < 6. Although the
GNS yield is lower (≈ 40% vs ≈ 50%) using type B seeds,
examination of TEM images indicates that the AR can be
varied by adjusting the Au3+/Au(seed) ratio.
GNS growth is partly under kinetic control and is expressed

by the ratio between deposition (Vdep) and adsorbed adatom
diffusion (Vdiff) rates. If GNP growth rate is the same on all
GNP facets, the yields and ARs would track the size
distributions of the seeds. This is not the case because
ligand-capping agents will have different binding energies
depending on the facet where they are chemisorbed; Vdep will
be facet-dependent. For example, citrate binds preferentially on
Ag {111} facets, while PVP binds on {100} facets.54 The
strength and face specificity of ligand binding to GNP seeds
determine GNS yields and ARs. For GNP seeds, we expect
preferential facet chemisorption of F127, where F127 serves a
dual role as a capping and reducing agent. The observation of
spikes > 6 using polymer-stabilized citrated seeds suggests Vdep
> Vdiff. Hence, the growth is under kinetic control. In contrast,
with the TBP seeds, Vdep ∼ Vdiff because tuning the ARs by
adjusting the Au3+/Au(seed) ratio is possible. By changing the
growth conditions, namely, ligand, pH, and temperature, we
can alter the balance between thermodynamic and kinetic
control.
Further quantitative TEM analysis of 200 NPs at 10 and 150

μL seed preparation shows heterogeneous (polydispersed)
shapes and sizes. NPs were categorized into various shapes
[star, webbed, triangle, double, dog-bone, equant (round), and
other] based on the number of protruding points and their
relative lengths and positions (Figure 4, Table S1). We

estimated the GNS ARs from TEM two-dimensional
projections. The NP size is defined by two diameters: D1,
the circle within the NP core at the minimal boundary, and D2,
the smallest circle that encloses all extensions of the NP.
Hence, AR is the ratio D2/D1. The average ARs are ≈ 2.2 ±
0.4 and ≈ 1.8 ± 0.2 for GNSs prepared with 10 and 150 μL,
respectively.
Considering that the technical definition of a star is a core

with spikes, the webbed, triangle, and double shapes could also
be considered stars. In the 10 μL preparation, stars with ≥ 5
spikes account for 41% of the shapes with AR ≈ 2.5. Webbed,
dog-bone, and arrowhead shape abundances (15−19%) are
comparable. The dog-bone shape is abundant at 18.5%. The
largest particles are doubly terminated but are only slightly
larger than the stars. Webbed samples have thicker centers and
projections with a thinner web of material between the points.
In contrast, average NP sizes in each shape category after 150
μL seed preparation are smaller than their equivalent in the 10
μL preparation. Stars with ≥ 5 spikes account for ≈ 15%, with
AR ≈ 2.0. The two most abundant particle shapes in the 150
μL preparation are equant (nearly spherical) and triangular or
arrow shape, dominated by growth of one long pyramid.
Bipyramidal NPs are largest in both preparations with ARs of
≈ 2.7.
TEM characterization illustrates the effect of seed

crystallinity and pH on growth of GNSs (Supporting
Information Figure S7C,D). When single-crystal seeds (< 3
nm) are made in situ by addition of NaBH4, then gold
nanorods with AR ≈ 3 are formed (Supporting Information
Figure S7A,B). The AR can also be increased by lowering the

Figure 4. Distribution of shapes of 10 and 150 μL preparations. Shape assignments were based on the number of points and were unambiguously
assignable for nearly all particles. Statistics are based on manual measurements of 200 particles. (A) TEM images of GNSs made using 10 μL (first
row) and 150 μL (second row) of F127-coated GNP seeds. Diameter measurements made using a small inner circle that encloses the particle core
and a larger circle that encloses the entire particle. (B) Graph showing distribution of shapes of GNSs made using 10 μL (blue bar) and 150 μL
(gray bar) of F127-coated GNP seeds.
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pH of the growth solution (via addition of 10 μL, 37% HCl).
In contrast, GNSs are formed when using polycrystalline (> 5
nm) seeds. Lowering the pH of this growth solution (via
addition of 10 μL, 37% HCl), however, does not lead to
increased AR but to the production of polyhedral and
nanobipyramidal shapes.
The reduction rates of the sequence Au3+ → Au+ → Au0 are

pH-dependent. In the growth solution, the Au3+ to Au+
reduction rate is not the rate-limiting step. However, the Au+
reduction and nucleation are rate-limiting.49 At low pH, AA is
a weaker reducing agent, and a larger fraction is protonated,
which leads to lower reduction rates.55 Another possible
contributing factor to Au+→ Au0 reduction is pH modulation
of the water solvation cage around adsorbed species
(CTA+Br−, Au+1/+3, AA) on the growing NP. This solvation
cage causes a charge and concentration gradient, affecting the
surface’s mass transport. Molecular dynamics (MD) simu-
lations suggest that CTAB is packed more densely on (110)
and (100) faces, compared to the (111) face, while growing
the single-crystal gold nanorod surfaces.56 These simulations
identified water−ion channels between adsorbed CTAB, which
are wider on the (111) facets. The higher potential difference
accumulation between the surface and the electrolytic solution
on (111) planes was assigned to greater AuCl2− diffusion to
these surfaces. In practice, however, the actual diffusing species
is likely CTA-AuBr2−, suggesting preferential gold nanorod
growth along ⟨111⟩ directions because of weaker CTAB
packing on {111} facets. Lowering the pH increases the
concentration of hydronium species that will facilitate solvent
reorganization around adsorbed CTAB molecules and widen
water−ion channels. This will further enhance diffusion of the
reactants toward {111} facets to increase anisotropic gold
nanorod growth. Thus, the AA reduction rate (decrease) and
surface solvation reorganization (larger channels) are compet-
ing contributions to Vdep at low pH.
In contrast to gold nanorods, the GNS preparation relies on

the polycrystallinity of the NP seeds, which have predominant
{100} and {111} facets. Consequently, the growing spikes
correspond to individual rods growing from the core along
⟨110⟩ directions, where there is denser CTA+Br− packing on
{111} facets. Based on this interpretation, lowering the pH of
the GNS growth solutions would be expected to increase the
width of water−ion channels on the NP core and spike {111}
side facets allowing for faster Au adatom diffusion. Conversely,
growth rates along ⟨110⟩ directions are reduced, and Au
adatoms have increasing probability to deposit on all planes.
Here, Vdiff increases relative to Vdep, resulting in quasi-spherical
NPs.
GNS Characterization by UV−Vis and XRD. Represen-

tative UV−vis spectra of GNSs, synthesized using increasing
volumes of GNP seeds, have two LSPR bands of interest.
These bands become blue-shifted and coalesce with increasing
seed concentrations (Figure 5). This can be interpreted using
plasmon hybrid theory as a form of energy coupling of in- and
out-of-phase plasmon resonances.57 Higher energy (shorter
wavelength) and lower energy (longer wavelength) peaks
represent core and spike LSPR resonances, respectively.20,58

Core and spike morphologies of the GNSs, specifically the tip
aperture angle and length, strongly affect the spike energy
mode of the LSPR.20,57 Additionally, tip numbers modulate the
intensity of the lower energy band.58 Core size, however, has a
milder influence. The decrease in separation between peaks 1
and 2, associated with higher seed concentrations, is

attributable to the decreasing tip-to-core (diameter) AR,
consistent with TEM observations. With 10 μL of GNP seed
solution added, the GNS spikes (30−60 nm) are larger than
the average core (∼ 50 nm, AR ∼ 2.5). As a result, peak 2 in
the UV−vis spectrum is at ≈ 1000 nm. In contrast, the AR is
below 2, following use of 50 μL of seeds, because GNS tip
lengths decrease to ∼ 20 nm while the core size remains ∼ 30
nm. With increasing seed concentrations, the wavelength of
peak 2 decreases toward ∼ 600 nm.
The spectra in Supporting Information Figure S8B−E

illustrate how the average ARs depend on the seeds.
Supporting Information Figure S4A−D shows the DLS sizes
of GNP seeds prepared under different buffer concentrations
(1 vs 2 mM) and temperatures (30, 33, and 37 °C). The trend
is that GNP seeds are on average smaller using 2 mM buffer.
GNP seed sizes shift from ≈ 5 to ≈ 10 nm when the
preparation temperature is increased from 30−37 °C
(Supporting Information Figure S3A−C). The larger seeds,
prepared at ≈ 37 °C, were used preferentially to grow GNSs.
Qualitatively, the separation of LSPR peaks in UV−vis spectra
was used to indicate the trend in relative GNS ARs. Greater
LSPR peak separation correlates with higher ARs. Thus,
Supporting Information Figure S8B−D shows the smallest
GNS LSPR peak separations using GNP seeds made in 2 mM
buffer. This trend is consistent across seeding volumes (10, 50,
and 100 μL).
Crystal sizes and peak dimensions are determined from XRD

scans of GNP seeds and GNSs prepared with 10, 50, or 100 μL
of seed solution (Table S3, Supporting Information Figure
S10). XRD analysis was also helpful to probe preferential
orientation of GNS particles. From TEM, the arms of the stars
are seen as coplanar. However, enhanced scattering from some
crystal orientations may be measured with XRD, indicating
preferred crystal orientation. The seeds and GNSs are
orientated preferentially in the {111} planes (Table S3).
GNSs, however, have a stronger orientation preference, based
on {111}/{200} peak height ratios of 2−5 for the GNS versus
1.4 for the seeds. This observation may be interpreted using a
simple analogy. Considering the multibranched shapes of these
stars, if allowed to dry on a surface, there will be an orientation
effect. Statistically, spike tips will align preferentially to the
surface. A tetrahedral shape will more likely orientate with two
or more branch tips on a surface. The branch edges containing
{111} facets directed toward the surface are orientated to the
X-ray beam. We hypothesize that the multiple spikes of the
GNSs could similarly orient themselves. Chang and co-workers

Figure 5. Representative UV−vis spectra of GNSs (1:10 dilution)
grown using 10, 25, 50, 75, 100, and 150 μL GNP seeds.
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interpreted the strong {111} peak in the powder XRD of gold
nanotetrapods as being from the dominant crystal face and
crystal orientation related to the AR.37 Additional electron
microscopy confirmed that {111} faces are dominant for the
tetrapod spikes.
NTA of GNSs. NTA measures NP solution concentrations,

diffusion coefficients, and relative intensities (Figure 6A). The
integral of the concentration distribution (NP/mL) yields the
total NP concentration (Figure 6B). As the TBP GNP seed
concentration increases (10−100 μL added), the average
hydrodynamic diameter decreases from ≈ 100−55 nm (Figure
6C,D). This decrease is consistent with the TEM images,
which show that GNSs made using 100 μL of seed solution

have fewer and shorter spikes than those made using 10 μL of
seed solution. The corresponding ZPs ranged from +5 to +20
mV, consistent with an efficient CTAB attachment (Table 1).
GNSs made with 150 μL of seed solution showed an increase
in total size but a decrease in concentration (Figure 6D). The
origin of the increase in average particle size and the
corresponding decrease in concentration is likely due to
particle aggregation with increasing dilution.
Based on DLS intensities, GNSs are distributed in three size

populations: < 10, 20−50, and > 100 nm (Supporting
Information Figure S11A−F). Sizes are derived from the
Stokes−Einstein equation using measured diffusion coeffi-
cients, where size is inversely proportional to the diffusion

Figure 6. (A) Representative three-dimensional NTA plot of intensity−concentration−size showing GNSs synthesized using 10 μL of GNP seeds.
(B) Plot of concentration in particles per milliliter (left, black axis) and percentile (right, blue axis) against hydrodynamic size showing GNSs
synthesized using 10 μL of GNP seeds. The peak shown at 92.5 nm is the mode, and the particle total concentration is the integral of the
distribution (3.7 × 1010 particles per milliliter) (corrected for dilution factor). (C) NTA distribution plot of normalized concentration against
hydrodynamic size of GNSs grown using 10, 25, 50, 75, 100, and 150 μL of GNP seeds. The individual plots represent averages of five independent
runs. (D) Plot of GNSs’ mean diameter (left, blue axis) and total concentration (right, red axis) against total seed volume (on the 10 mL scale).
The error bars represent standard errors taken from three independent experiments.

Table 1. GNS Characterization: Mean and Mode of Sizes, Extinction at 400 nm and at the First Peak, LSPR, and ZP before
(CTAB Coating) and after Functionalization with PEG6kSH

a

seed
(μL) mean (nm)

mode
(nm)

extinction
(400 nm) (M−1 cm−1)

extinction
(first peak) (M−1 cm−1)

LSPR
(nm)

ZP
(mV)

ZP with PEG6kSH
(mV)

10 110.2 (4.0) 87.6 (3.6) 1.75 (0.23) × 1010 2.71 (0.50) × 1010 639 (9.8) 5 −23
25 93.5 (6.0) 72.7 (2.6) 1.56 (0.41) × 1010 2.47 (0.90) × 1010 613 (5.2) 20 −7
50 78.1 (6.8) 59.5 (1.6) 1.05 (0.33) × 1010 1.52 (0.57) × 1010 587 (2.5) 16 −18
75 70.1 (0.5) 52.0 (1.3) 9.91 (0.49) × 109 1.4 (0.74) × 1010 577 (6.2) 11 −20
100 61.9 (4.3) 50.2 (0.8) 4.48 (0.79) × 109 6.82 (1.26) × 109 567 (6.7) 14 −16
150 81.1 (15.5) 63.4 (9.7) 1.14 (0.43) × 1010 2.08 (0.85) × 1010 561 (4.5) 20 −18

aUncertainties ( ) expressed as standard errors.
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coefficient. Therefore, the smaller < 10 nm populations are
assigned to the higher rotational diffusion coefficients caused
by the more rapid tumbling of the spikes relative to that of the
overall GNSs. The 20−50 nm populations are assigned to the
diffusion contribution of GNS cores.
In Figure 6, the mean hydrodynamic size of GNSs seeded

with 150 μL seeds is larger than 100 μL. TEM analysis (Table
S1) indicates comparable fractions (15−19% each) of dog-
bone, triangle, and webbed morphologies having mean sizes
85, 120, and 100 nm, respectively. Double-terminated NPs of
≈ 170 nm are also present. However, a limitation of TEM
analysis is the small sample size (100−200 particles) compared
with light scattering analysis (∼ 107 to 109 particles). Notably,
the distribution of GNSs made from the 150 μL seeds is much
broader than other distributions, with multiple peaks (Figure
6C). At this seed concentration, the resulting product is very
polydisperse. The multiple NP morphologies present are
responsible for the skewed and broad hydrodynamic size
distribution (Figure 6C). In summary, 150 μL seed volume
represents an upper limit for tuning the GNS ARs.
Since absorbance at 400 nm is dominated by interband

transitions of metallic gold, molar absorption coefficients (ε400)
are estimated using the approach already established for gold
nanorods.59 At this wavelength, the contribution of shape to
volume is weak (∼ 10%), so we can use the molar absorption
ε400 to estimate GNP or GNS concentrations.16 These
calculated molar absorption coefficients are between ∼ 109
and 1010 M−1 cm−1, comparable to previous estimates of ∼ 109
M−1 cm−125,35 (Table 1).

In the UV−vis spectra, two peaks are seen, the first (left, ≈
550−650 nm) being associated with the dominant core and
the second (right, ≈ 600−1100 nm) being associated with the
spikes (Figure 5). The first peak is found consistently in the
visible range and is therefore utilized for further analysis of
hydrodynamic size and molar absorption. The inverse
relationship between Au3+/Au(seed) ratio and GNS size
contributes added validation for the use of ε400 for
concentration estimates (Figure 6D). The first peak wave-
length is plotted against the hydrodynamic diameter (Figure
7A), and hydrodynamic diameter is plotted against the molar
absorption coefficient (Figure 7B). From these data, we were
able to plot the first peak values against molar absorption,
showing a linear relationship for the GNSs synthesized with
10−100 μL of GNP seeds (Figure 7C). Additionally, this
calibration plot is used to estimate molar absorption
coefficients at 400 nm and deduce the GNS concentrations
based on UV−vis spectra of any batch of prepared GNSs. For
example, using eq 5, the concentration of 10 and 100 μL
seeded GNSs increases from ≈ 1 × 10−5 to ≈ 4 × 10−5 μg
mL−1, respectively.
An important application of NTA is the investigation of

catalytic activity at the solid−liquid interface. In such
heterogeneous catalysis systems, reaction rates and corre-
sponding rate constants can be used in concurrence with the
concentration and sizes obtained from NTA to derive turnover
frequency. This approach is demonstrated with a commonly
employed 4-NP reduction model using sodium borohydride
and catalysis via GNPs60 (see Supporting Information). GNSs
with different mean ARs were functionalized with PEG-SH (≈

Figure 7. Molar absorption coefficients determined from GNSs seeded with 10−100 μL of GNP seeds. Error bars depict standard errors. This is
the average of three independent experiments. (A) Plot of hydrodynamic size (nm) versus wavelength of first (leftmost) peak (nm). Linear
regression using eq 2, where B = 0.66 and C = −312.58 nm for mean and B = 0.54 and C = −257.12 nm for mode. (B) Plot of molar absorption at
400 nm (M−1cm−1) versus hydrodynamic size (nm). Linear regression using eq 3, where D = 2.56 nm−1 and E = −9.55 for mean and D = 3.01
nm−1 and E = −7.82 for mode. (C) Plot of molar absorption at 400 nm (M−1 cm−1) versus wavelength of first (leftmost) peak, where using
Equation 4, F = 1.68 nm−1 and G = −8.84.
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6000 MW). Catalytic effects of PEGylated GNSs were
demonstrated using the reduction of 4-NP. There are 10-fold
differences in apparent rate constants of GNPs (≈ 1 s−1)
versus PEGylated GNSs (≈ 0.1 s−1) in catalyzing the sodium
borohydride reduction of 4-NP.

■ CONCLUSIONS
We demonstrated novel, reproducible synthesis of GNSs by
the seed-mediated growth method. Polycrystalline and multi-
ply twinned GNPs (≈ 10 nm) produced using the co-
reductants Pluronic F127 and AA served as seeding substrates
for GNS synthesis. Strong GNS AR dependencies on pH, ionic
strength, and Au3+/Au(seed) concentration ratio are consistent
with Vdep ∼ Vdiff, implying that growth is at least partly under
kinetic control. GNS tip-to-core AR was decreased when
higher concentrations of gold seeds were added to the growth
solution.
To accurately quantify GNP and GNS concentrations, we

developed alternative nondestructive, rapid, and quantitative
methods based on NTA. NTA can visually track and count
heterogeneous NPs within the 30−1000 nm range and
estimate concentrations.9 NTA is a convenient technique
(compared to atomic emission) to quantify the concentrations
of GNSs for each freshly prepared batch. The heterogeneity of
the solutions is accounted for in the analysis. The UV−vis
extinction spectra are a superposition of each species. Thus,
the derived extinction coefficient will be unique for each batch
and will represent solution concentration. NTA for the
quantitative characterization of anisotropic NPs could lead to
many future applications when combined with other
experimental techniques including high throughput methods
and advanced mathematical algorithms. Thus, NTA would be
valuable in fields such as colloidal catalysis, where varying
levels of NP heterogeneity are typical.
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