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ABSTRACT: The stability and hydrodynamic size of ligand-coated gold
nanorods (GNRs; aspect ratio 3.6) have been characterized by
nanoparticle tracking analysis (NTA)a single-particle counting method
that can measure size distributions with low nanometer resolution. Stable
aqueous suspensions of citrate-stabilized GNRs (cit-GNRs) are amenable
to surface functionalization without loss of dispersion control. Cit-GNRs
can be treated with chemisorptive ligands (thiols and dithiocarbamates),
nonionic surfactants (Tween 20), and proteins (human serum albumin),
all of which produce stable suspensions at low surfactant concentrations.
The precision of NTA (relative standard deviation 10−12%, standard
error <2%) is sufficient to allow differences in the hydrodynamic size of
coated GNRs to be interpreted in terms of surfactant structure and
conformation.

■ INTRODUCTION
Particle size analysis is fundamental to nanomaterials character-
ization but must be conducted in an appropriate context.
Nanoparticle analysis by transmission electron microscopy
(TEM) is arguably one of the more popular methods but is
typically performed in a dry or vacuum state and is challenged
by low particle counts. TEM is also less appropriate for
estimating the hydrodynamic (HD) size of nanoparticles in
solution, especially those with organic layers of unknown
thickness. Statistically robust methods for HD analysis include
dynamic light scattering (DLS), tunable resistive pulse sensing
(TRPS), and nanoparticle tracking analysis (NTA).1,2 DLS uses
a second-order correlation function to convert fluctuations in
scattering intensity into a one-dimensional parameter defining
hydrodynamic size (dh).

3 While DLS supports high sampling
volumes (N = 104−105), its peak distributions are broad
(effective resolution >30%) and requires an intensity-weighted
correction factor (Z-average) due to size-dependent scattering.4

TRPS is an electrokinetic method that measures the dh of
nanoparticles passing through nanopores of defined size.5

TRPS offers better resolution than DLS but is only useful for
particles above 60 nm, limited by the pore diameter of the
supporting membrane.
NTA produces size distributions by recording the Brownian

motion of thousands of individual particles under optical
darkfield conditions.2,6 From the Stokes−Einstein equation, dh
can be expressed simply as
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where kB is the Boltzmann constant, T is temperature, Δt is
recording time per frame (∼0.02 s), η is viscosity, and ⟨(x,y)2⟩

is mean-squared displacement in two dimensions.6 NTA is
capable of tracking nanoparticles at moderate volumes (sample
size N = 103−104) and can record dh values as small as 20 nm,
depending on the particles’ scattering cross sections.7 In
addition, recent developments in NTA data processing can be
applied to produce dh values with relative standard deviations
(RSDs) of 10−12%.8
NTA has become an accepted method for characterizing

colloidal size distributions in aqueous suspensions1 and can also
measure incremental changes in HD size as a function of
surface conjugation. For example, James and Driskell have
reported size changes in colloidal gold nanoparticles exposed to
protein A at various concentrations, reminiscent of an
adsorption isotherm.9 However, NTA has not been fully
validated for anisotropic particles such as gold nanorods
(GNRs)10 due to possible complications in data analysis
introduced by additional diffusion tensors11,12 as well as
challenges in preparing anisotropic particles of sufficient
uniformity and purity.
The presence of residual surfactants is a also potentially

confounding factor in the HD analysis of colloidal suspensions,
as it can compromise dispersion quality by promoting
interparticle attraction instead of repulsion.13−15 As a case in
point, GNRs with low aspect ratio (AR < 4) can be synthesized
with narrow size dispersity (10−15%) in the presence of
cetyltrimethylammonium bromide (CTAB), a micellar surfac-
tant.16,17 However, the HD analysis of diluted GNR
suspensions can produce variable outcomes: samples with
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excess CTAB (>1 mM) are contaminated with micelles,
whereas NTA of GNRs with low levels of CTAB (<10 μM)
produce multiple or asymmetric mode peaks,10 suggestive of
incomplete dispersion. The removal of residual CTAB from
GNRs is a vexing problem; in addition to particle aggregation,15

its persistence can contribute toward cytotoxicity18 and
nonspecific cell uptake.19 This issue has recently been resolved
by a protocol that reliably exchanges CTAB with citrate, using
polystyrenesulfonate (PSS) as a detergent to remove residual
surfactant.20

Here we show that NTA can precisely characterize the
hydrodynamic size of low-aspect-ratio GNRs stabilized with
citrate (cit-GNRs). The dh values obtained from NTA correlate
closely with GNR length, with greater accuracy and precision
than DLS1,4 and with comparable resolution to TEM. The cit-
GNRs are also readily functionalized with other ligands using
standard surface exchange methods21 and can be evaluated by
NTA to reveal incremental changes in dh as a function of ligand
or surfactant structure.

■ EXPERIMENTAL SECTION
All materials were obtained from Sigma-Aldrich unless otherwise
noted. Poly(ethylene glycol) (PEG) derivatives were obtained from
Nanocs, Inc. Recombinant human serum albumin (HSA) was kindly
provided by Prof. Greg Knipp (College of Pharmacy, Purdue
University). Deionized water was obtained from an ultrafiltration
system (Milli-Q, Millipore) with a measured resistivity above 18 MΩ·
cm and passed through a 0.22 μm filter. Particle-free water for NTA
analysis was obtained in polyethylene containers from a local
supermarket.
Preparation of Citrate-Stabilized GNRs. GNRs were synthe-

sized on a 200 mL scale in 0.1 M CTAB solutions at an optical density
(OD) of 1.3 using previously reported methods.16,17 Excess CTAB was
removed by subjecting GNRs to centrifugation and redispersion (C/
R) in water, followed by three rounds of C/R using dilute solutions of
Na-PSS (Mw = 70 kDa) as described in a companion paper.20 The
PSS-washed GNRs were then subjected to two C/R cycles using 5
mM sodium citrate (Na3-cit), yielding stable suspensions of citrate-
coated GNRs (cit-GNRs) with OD values ranging from 6 to 12.
Surface Functionalization of Cit-GNRs. In a typical experiment,

0.1 mL of cit-GNRs (OD 7.5) was diluted with 3 mL of water,
centrifuged for 30 min at 7500g, and then carefully separated from the
supernatant. A 0.9 mL solution of 5 kDa mPEG-thiol (0.7 wt % in
water) was prepared separately and treated with 0.1 mL of 15 mM
NaBH4 for 30 min to reduce residual disulfides and then combined
with the pelleted GNRs by vortex mixing. After 12 h, the redispersed
GNRs were centrifuged at 7500g for 30 min, and redispersed in water
to a final volume of 1 mL. Similar procedures were performed using
other surfactant solutions (PEG-dithiocarbamate,19 Tween-20, HSA)
without NaBH4 treatment. Mercaptoundecanoic acid (MUA)-
stabilized GNRs were prepared by treating 0.75 mL of cit-GNRs in
water (OD 0.6) with 0.25 mL of 4 mM MUA in EtOH for 20 h, then
diluted with 2 mL of water, centrifuged at 7500g for 30 min, and then
redispersed in 1 mL of water.
Particle Characterization. Absorbance spectra were recorded

using a Cary Bio50 spectrophotometer (Varian). TEM images were
obtained using a Philips CM-10 (FEI) with an accelerating voltage of
100 kV. DLS and zeta potential analysis was performed with a
ZetaSizer Nano (Malvern Instruments; λ = 633 nm); data analysis was
supported by Zetasizer v.7.02. DLS was performed in glass cuvettes or
disposable capillary cells (DTS 1060C), with an assumed viscosity for
water at 25 °C (η = 0.8872 mPa) and refractive indices for water and
Au at 633 nm (n = 1.330 and 0.2). Samples were allowed to equilibrate
for 30 s inside the instrument prior to analysis; measurements were
then accumulated over 12−16 runs at rates of 30−70 kcps.
NTA was performed using a Nanosight LM-10 system (Malvern

Instruments) with 405 nm laser excitation and particle-free distilled

water stored in polyethylene containers. Data analysis was supported
by NTA v.2.3.5.0033 (Build 16). The imaging chamber was cleaned
with acetone and a microfiber cloth prior to use and then rinsed until
no background signals were observed. Water was removed from the
NTA chamber with a sterile plastic syringe just prior to use and
replaced with a dilute solution of surfactant-stabilized GNRs (100 μL,
OD 0.01−0.05). Coated GNRs were prepared using the surfactant
concentrations described above (initial OD 0.4−2.0) and then diluted
20−150-fold just prior to NTA. Five tracking videos were collected per
sample; 50 μL of fresh solution was injected in between each run to
prevent particles from settling, followed by a 60 s recording at a
shutter speed of 700 and a gain of 400. A minimum of 2000 particle
tracks were recorded, which yielded dh values based on mode peak
analysis. Optimized parameters for video analysis (advanced mode)
included a detection threshold of 18, a 9 × 9 blur setting, and
automated settings for track length and minimum particle size.
Statistical analysis of GNR size distribution was performed by applying
Gaussian fits to the mode peaks. Finally, calibration measurements on
standardized 100 nm polystyrene beads were routinely performed to
ensure the accuracy of the NTA studies.

■ RESULTS AND DISCUSSION
Characterization and Size Analysis of Citrate-Stabi-

lized GNRs. TEM analysis of the cit-GNRs indicated a mean
length and width of 44.4 ± 3.9 nm and 12.2 ± 1.2 nm,
respectively, corresponding to a RSD of 8.8% (Figure 1a). The
uniform quality of the cit-GNRs was supported by absorbance
spectroscopy (Figure 1b and Figure S1, Supporting Informa-
tion), which produced a peak centered at 815 nm with a full
width at half-maximum (fwhm) of 138 nm (0.26 eV). HD size
distribution by NTA produced values remarkably close to the
GNR lengths determined by TEM. Mode peaks accumulated
over five separate runs (Ntrack = 2400−3200 each) yielded an
average dh of 43.4 nm (standard error = 0.75 nm); a Gaussian
fit of the mode peak produced a dh of 43.8 nm with a standard
deviation of 5.0 nm (RSD 11.4%), well within the error of TEM
measurement (Figure 1c).
The NTA mode peaks are much narrower than those

produced by DLS using intensity-weighted size distributions
(the standard practice for HD analysis). In a direct comparison,
z-weighted DLS signals accumulated over 1 min (N = 2.6 ×
105) at 260 kcps yielded a mode dh value of 51 nm; the RSD of
the corresponding Gaussian fit was more than 30%. We note
that (i) Gaussian fits of DLS mode peaks ignore skewness and
kurtosis within the data, but allow us to compare the precision
of each technique to the first approximation, and (ii) the
comparison between NTA and DLS is not absolute, as the size
distribution for the latter is based on scattering intensity rather
particle count. Nevertheless, the large differences in peak
resolution are more than sufficient to illustrate the advantages
of NTA over DLS for HD size analysis.
NTA is also a sensitive gauge of dispersion quality, much

more so than absorbance spectroscopy, a convenient but crude
method that relies on changes in the surface plasmon band.22,23

For example, cit-GNRs in 5 mM Na3-cit (pH 7.3) produced a
dh peak approaching normal distribution, corresponding with
<1% aggregation by peak area integration (Figure 2a), while the
NTA plot of PSS-GNRs in 0.4 wt % Na-PSS (pH 5) revealed a
multimodal distribution, indicating partial aggregation (Figure
2b). In contrast, the absorbance spectra for cit-GNRs and PSS-
GNRs are nearly identical; while the latter has lower
transmission below 650 nm and a slightly larger fwhm at
plasmon resonance (Figure 1b), it hardly suggests the presence
of aggregates. We note that while the end-to-end assembly of
GNRs can produce large shifts in longitudinal plasmon
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resonance,24−27 the aggregation of GNRs in other orientations
does not lead to pronounced changes. Earlier works have
shown that side-by-side aggregation can produce modest blue-
shifts in transverse plasmon resonance (λ ∼ 520 nm), but the
extent of such shifts depends strongly on interparticle
distances.23,28 Overall, NTA provides the strongest evidence
that cit-GNRs are fully dispersed and experience minimum
aggregation in the absence of other surfactants.
It is worthwhile to present a balanced discussion on the use

of NTA for characterizing the HD size of anisotropic particles,

which are known to exhibit different motional behavior than
spheres.11,12,29 Strictly speaking, particle sizes derived from the
Stokes−Einstein equation are based on a spherical model with a
single diffusion coefficient, which equates the dh of anisotropic
particles to that of a sphere with the same translational
mobility. In fact, the Brownian motion of axially symmetric
particles can be described using separate diffusion coefficients
for coaxial and transverse translation (D∥ and D⊥) as well as
rotation (Dθ). Translational and rotational diffusion are coupled
in the fast (autocorrelation) regime but are essentially
independent for displacements measured over longer periods.
The autocorrelation time of low-aspect GNRs in water has been
estimated to be on the order of 50 μs,30 which is several orders
of magnitude shorter than the MSD time steps recorded by
NTA, meaning that HD analysis is unaffected by Dθ.
With respect to the anisotropy of translational diffusion, the

ratio of D∥ to D⊥ depends partly on aspect ratio but is also
affected by boundary conditions imposed on particle motion.
Single-particle tracking studies of submicron ellipsoids have
shown that diffusion anisotropy increases for particles confined
to two dimensions (attributable to friction anisotropy),11,12 but
rodlike particles with unrestricted mobility in three dimensions
exhibit low anisotropy (D∥/D⊥ < 2), even with high aspect
ratios.31,32 While NTA measurements are quasi-two-dimen-
sional (bounded by the thickness of the focal plane),6 particles
can freely move in all directions which favors isotropic
diffusion. Further evidence for isotropic Brownian motion can
also be obtained by analyzing the tracking videos for vectored
flow and used to determine an acceptable threshold in aspect
ratio. NTA can thus be applied toward the HD analysis of
anisotropic nanoparticles with these considerations in mind,
and the dh values can be collated with an independent sizing
method such as TEM analysis for a more precise interpretation.

Surface Modification of Citrate-Stabilized GNRs.
Citrate-stabilized colloids have been used for decades in the
preparation of imaging contrast agents.33,34 It is therefore not
surprising that surface functionalization with cit-GNRs is facile,
with fewer problems in dispersion quality than CTAB- or PSS-
stabilized GNRs (for more details see Figure S2, Supporting
Information). We note that other stabilizing agents such as
phosphatidylcholine,35 animomercaptotriazole,36 and mercap-
tocarboxylic acids37 have also been examined as biocompatible
surrogates in place of CTAB; nevertheless, citrate-stabilized
colloids are among the most highly trusted substrates for
preparing surface-modified nanoparticles.
The effects of ligand adsorption on cit-GNRs after a single

round of treatment were again characterized by NTA and
absorbance spectroscopy (Figure 3 and Figure S3; Table 1).
Small thiols such as mercaptoundecanoic acid (MUA; MW
218) could stabilize GNR dispersions without a significant
change in the mode dh value, while larger ligands such as mPEG
thiol or dithiocarbamate (Mw = 1 or 5 kDa) increased dh by 5−
7 nm. This supports the assumption that chemisorptive ligands
adsorb as monolayers on GNR surfaces; however, HD size does
not increase monotonically with molecular weight. The
experimental data suggests that the 1 kDa PEG chains may
adopt partially extended conformations, whereas the 5 kDa
mPEG chains are presumed to adopt mushroom-like
conformations, in accord with previous studies.38 We note
that GNRs coated with 1 kDa PEG thiol also produce a
relatively broad NTA peak, suggesting incomplete dispersion
control.

Figure 1. (a) TEM image of cit-GNRs (44.4 × 12.2 nm; 8.8% RSD).
(b) Absorption spectrum of diluted cit-GNR dispersion (λLPR = 815
nm), prepared from PSS-GNRs.20 (c) HD size analysis of cit-GNRs
using NTA (black; 43.4 nm; 11.4% RSD) versus DLS (red; 51 nm;
31% RSD). RSDs are derived from Gaussian fits (dashed). The NTA
size distribution is number-based (Ntrack = 1.44 × 104), whereas the
DLS size distribution is intensity-based (N = 2.60 × 105).
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Treatment of cit-GNRs with Tween 20 (1.2 kDa; 5 mM)
increased the mode dh by 9 nm, greater than that produced by
chemisorptive mPEG species. Tween 20 has been reported to
form micelles of 7−9 nm,39 comparable to the observed
increase in HD size. NTA also revealed minor populations of
submicron particles (broad peaks centered at 100 and 175 nm)
that can be attributed to aggregates containing two or more

GNRs. This shows that while nonionic surfactants may be
useful as nanoparticle dispersants, they do not provide full
control over surface properties; indeed, the ζ-potential of
GNRs treated with Tween 20 remains moderately negative
(Table 1), indicating coadsorption of residual citrate. Lastly,
exposing cit-GNRs to human serum albumin (HSA, 67 kDa; 1
wt %) increased dh by 15 nm, which is consistent with a
monolayer of HSA in its native conformation,40,41 but thicker
than that adsorbed on hydrophobic nanoparticles.42 We note
that DLS is often used to estimate the thickness of
biomacromolecular coatings on nanoparticles,41,43,44 but its
precision is not as high as NTA as demonstrated earlier (cf.
Figure 1c).1,2

To determine whether surfactant concentration influenced
monolayer thickness or dispersion stability, cit-GNRs were
treated with 5 kDa mPEG-thiol in variable amounts. Stable
dispersions were observed at loadings down to 15 μM (Figure
4a); the dh mode peak did not change with mPEG
concentration, ruling out the spontaneous formation of brush
monolayers with extended chains.45 Cit-GNRs treated with
mPEG-thiol at or below 1.5 μM exhibited signs of aggregation
several hours after treatment, based on the multimodal peak
distribution in the NTA plots (Figure 4b). Again, the

Figure 2. Nanoparticle tracking analysis of (a) cit-GNRs in 5 mM Na3-cit (pH 7.3) and (b) PSS-GNRs in 0.4 wt % Na-PSS (pH 5), at similar
particle concentrations (ca. 2 × 109 GNRs/mL). The latter shows a large number of aggregates in the 75−200 nm range, assumed to be a composite
of polymer and GNRs (PSS background provided for comparison).

Figure 3. NTA of surfactant-modified GNRs, prepared from cit-GNRs. Coated GNR samples (initial OD 0.60−0.75) were diluted 20−30-fold (final
OD 0.02−0.05) prior to NTA. Intensities are normalized to enable a comparison between mode peaks as a function of ligand coating.

Table 1. Hydrodynamic Size and Charge of Surface-Modified
GNRs after Ligand Adsorptiona

GNR coating surfactant conc dh
b (nm)

ζ-potentialc

(mV)

citrate 5 mM 44 ± 8 −27 ± 13d

MUA 1 mM 45 ± 6 −37 ± 14
mPEG-thiol (1 kDa) 1.5 mM (0.15 wt %) 49 ± 11 −9 ± 7
mPEG-thiol (5 kDa) 1.5 mM (0.75 wt %) 49 ± 6 −7 ± 9
mPEG-DTC (5 kDa) 1 mM (0.5 wt %) 51 ± 6 −14 ± 6
Tween 20 (1.2 kDa) 5 mM 53 ± 6 −19 ± 8
HSA (66 kDa) 1 wt % 59 ± 6 −11 ± 8
aSee Experimental Section for details. bObtained by NTA; SD from
Gaussian fit of mode peak (accumulated over 5 runs). cMeasured in
diluted PBS (I =1 mM; pH 7.4). dMeasured in diluted PBS (I ∼ 8.2
mM) adjusted to pH 9.5.
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absorbance spectra of these GNR dispersions were nearly
indistinguishable from fully dispersed mPEG-GNRs (Figure S4,
Supporting Information).
Concentration-dependent NTA studies using cit-GNRs and

HSA in deionized water produced similar results, with an onset
in GNR aggregation at 1 mg/mL HSA (Figure 5a). The mode
peak of the coated GNRs did not shift with increasing amounts
of HSA, in contrast to a recent NTA study of protein
adsorption on spherical Au nanoparticles, which indicated
concentration-dependent increases in HD size.9 The low
sensitivity to HSA concentration supports the notion that
protein adsorption takes place preferentially at the GNR tips, in
line with earlier studies on anisotropic functionalization.24,27

Similar results were observed for cit-GNRs treated with HSA
in PBS, with the addition of a secondary peak centered at dh =
150 nm (Figure 5b). This particle population can be attributed
to the independent assembly of HSA nanoparticles at or near
physiological ionic strength (I ∼ 160 mM), as observed in the
control study of 0.5 mg HSA/mL in the absence of cit-GNRs. It
is worth mentioning that the HD size of HSA-coated GNRs did
not increase further in dense protein solutions (up to 40 mg
HSA/mL in PBS), indicating that HSA does not automatically

form a protein multilayer (corona) around these particles.
However, corona formation can be observed when cit-GNRs
are exposed to serum proteins under other conditions, a study
in progress that will be discussed elsewhere.

■ CONCLUSIONS
NTA is a valid method for measuring the hydrodynamic size of
GNRs with low aspect ratios. The mode dh value of citrate-
stabilized GNRs matches closely with the mean length
measured by TEM, indicating that translational diffusion is
effectively isotropic under our imaging conditions. The NTA
resolution of this study is approximately 5 nm, which is
sufficient to measure differences in coating thickness based on
HD size. In this respect, citrate-stabilized GNRs are dependable
substrates for surface functionalization and ligand exchange,
enabling a systematic analysis of GNR coatings as a function of
surfactant structure and concentration.

Figure 4. (a) Dispersion stability of GNRs at different exposure levels
of 5 kDa mPEG-thiol. Intensities are normalized for a comparison
between mode peaks as a function of preparation conditions. All
mPEG-GNR samples were diluted 20−30-fold prior to NTA. (b)
mPEG-thiol concentrations below 15 μM (0.075 mg/mL) were
insufficient to produce fully dispersed GNRs, based on NTA.

Figure 5. (a) GNRs exposed to different concentrations of HSA
formed stable dispersions in water (dh = 59−60 nm), down to 1 mg/
mL. HSA-GNR samples (OD 1.9−2.0) were diluted 150-fold prior to
NTA; intensities were normalized for a comparison between mode
peaks. (b) GNRs dispersed in PBS (I ∼ 160 mM) with 10 mg/mL
HSA (dh = 65 nm). HSA-GNRs (initial OD 0.4) were diluted 20-fold
with PBS prior to NTA. A background run containing 0.5 mg HSA/
mL in PBS is shown for comparison, to address the formation of
protein aggregates.
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Data for TEM size analysis, surfactant or ligand exchange using
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