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Abstract: Gold nanorods (GNRs) are of particular interest for biomedical applications due
to their unique size-dependent longitudinal surface plasmon resonance band in the visible to
near-infrared. Purified GNRs are essential for the advancement of technologies based on
these materials. Used in concert, asymmetric-flow field flow fractionation (A4F) and single
particle inductively coupled mass spectrometry (spICP-MS) provide unique advantages for
fractionating and analyzing the typically complex mixtures produced by common synthetic
procedures. A4F fractions collected at specific elution times were analyzed off-line by
spICP-MS. The individual particle masses were obtained by conversion of the ICP-MS pulse
intensity for each detected particle event, using a defined calibration procedure. Size
distributions were then derived by transforming particle mass to length assuming a fixed
diameter. The resulting particle lengths correlated closely with ex sifu transmission electron
microscopy. In contrast to our previously reported observations on the fractionation of
low-aspect ratio (AR) GNRs (AR < 4), under optimal A4F separation conditions the results
for high-AR GNRs of fixed diameter (=20 nm) suggest normal, rather than steric, mode
elution (i.e., shorter rods with lower AR generally elute first). The relatively narrow
populations in late eluting fractions suggest the method can be used to collect and analyze
specific length fractions; it is feasible that A4F could be appropriately modified for industrial
scale purification of GNRs.
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1. Introduction

Nanotechnology is having a substantial impact on a broad range of applications, from consumer
products to environmental remediation to advanced electronics and coatings. For gold nanorods (GNRs)
in particular, diverse potential applications exist in biomedical applications, including diagnostics, drug
delivery, biomolecular sensing and hyperthermal therapy [1-5] due to their unique optical properties
(specifically, surface plasmon resonance or SPR), facile shape and size control, and capacity for surface
functionalization [6—8]. For all applications, the quality and purity of GNRs, specifically with respect to
their length and diameter, is essential to their utilization and commercial viability, because the
characteristic longitudinal SPR (LSPR) is highly sensitive to aspect ratio (AR).

There has been a substantial effort to develop optimized synthesis conditions that yield these highly
prized nanomaterials in purified form. While methods such as electrochemical deposition in anodic
membranes [9] provide well defined and dispersed nanorods, the synthesis method is labor intensive and
can only produce small-scale quantities of GNRs (i.e., it is not easily scaled up to commercial production
levels). Large-scale (mostly wet chemical) synthesis methods exist, such as seed mediated growth, that
have the capacity to yield liters of product, but the as-produced dispersions inevitably contain a mixture
of polydispersed GNRs and unintentional byproducts comprising other geometries.

The fractionation and characterization of mixtures of these as-synthesized or as-purchased GNRs is
a key requirement for their size determination and the assessment of their properties for use in critical
applications, where a high degree of uniformity is required. While there is an abundance of research
available on the separation and characterization of spherical nanoparticles [10], there is great difficulty
in fine-tuning the separation of GNRs of slightly different size (e.g., length and AR). The post synthesis
separation of GNRs from their byproducts has been achieved by ultracentrifugation [11], dissolution [12,13]
and size exclusion chromatography [ 14]. However, while these efforts have been successful at separating
or enhancing the purity of the GNR population from the byproducts of seed-mediated synthesis, there
has been very limited published work on the separation behavior of GNRs themselves, particularly high
AR nanorods [11,12,15-18]. Previously, we used asymmetric-flow field-flow fraction (A4F) with
UV-Vis absorbance detection to separate and identify low-AR GNRs (AR < 4) [19,20].

A4F 1is a powerful technique that separates components based on their diffusional properties in a
parabolic flow profile by application of a cross-flow field [21,22]. In so-called normal mode elution, the
particles with the smallest hydrodynamic size elute first and the elution time correlates with the
translational diffusion coefficient of the particles. By comparison, steric mode elution is characterized
by a reversal in the size-elution time relationship (i.e., larger species elute first); the elution mode
typically shifts from normal to steric as particle size reaches the micrometer range [23]. Recently,
A4F has emerged as a high performance technique with the capacity to characterize high AR
nanomaterials [19,20,24,25]. The attractiveness of A4F lies with the ability to couple hydrodynamic-
based separation with multiple detector modalities (e.g., multi-angle light scattering, dynamic light
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scattering, fluorescence, or UV-Vis absorbance are common modes), which in turn provide
complementary analysis of size, shape and other physico-chemical properties. The shape- and
size-dependent optical properties of GNRs can be monitored using a diode array detector (DAD), which
provides real-time on-line UV-Vis absorbance spectra. However, due to the shape, metallic nature, and
near-infrared (NIR) optical absorbance of GNRs, their analysis exceeds the limitations of the
aforementioned detectors.

The transverse surface plasmon resonance (TSPR) of GNRs, generally insensitive to length, is
typically near 520 nm [10]. The LSPR of GNRs, which is normally used as a unique indicator of AR,
can be as high as 1200 nm [26,27]. The typical DAD absorbance range is from 190 nm to 850 nm,
therefore NIR detectors are necessary or other offline measurement methods must be used in conjunction
with UV-Vis. Analysis of individual particles is possible using techniques such as electron microscopy
(ex situ) or in situ single particle inductive coupled plasma mass spectrometry (spICP-MS). While
electron microscopy is frequently used to determine size and shape of GNRs, it is time consuming and
requires a sufficiently high particle deposition density to obtain an adequate statistical representation of
the sample and is prone to sample preparation artifacts.

On the other hand, spICP-MS is an emerging technique capable of detecting, characterizing, and
quantifying metal-containing nanoparticles on a “particle by particle” basis [28,29]. The technique
enables simultaneous measurement of particle size and number quantification at environmentally
relevant concentrations (on the order of ng L™"). In spICP-MS, when a single particle is atomized and
ionized in the plasma, the signal is recorded in time-resolved analysis (TRA) mode as a pulse on top of
the steady state signal from dissolved species of the same element. The intensity and frequency of pulses
is proportional to particle mass and number concentration, respectively, which can be transformed to a size
distribution assuming specific particle geometry and appropriate calibration procedures [30]. While there
is a growing interest in using spICP-MS to detect and quantify metal containing nanoparticles [29,31-33],
there is a dearth of published work utilizing spICP-MS to characterize highly asymmetric
nanostructures [34]. Furthermore, there are, to our knowledge, currently no published reports on the
spICP-MS analysis of rod-like nanomaterials.

Despite the promising capabilities of A4F for the fractionation and characterization of nanomaterials,
the implementation of this technique for high-AR GNRs has not been extensively pursued. Previous
studies from our group have determined that the fractionation/elution behavior of both cetyl trimethyl
ammonium bromide (CTAB) and polyethylene glycol (PEG) coated GNRs correlates with their AR (for
AR < 4) [19,20]. Because the elution mechanism for low-AR GNRs followed a characteristic trend, it
was logical to extend these studies to higher (>10) AR values, to determine if there is a transition in
elution behavior according to AR or length. To our knowledge, this is the first reported study on the
separation of high-AR GNRs (AR > 10) using A4F coupled with a DAD. In order to detect the size
regime beyond the wavelength limit of the DAD, A4F fractions were collected and analyzed off-line by
spICP-MS, also a first to our knowledge. The goal of this paper is to summarize initial results on the
feasibility of fractionating and analyzing high-AR nanoscale particles with at least one established or
fixed dimension. A unique aspect of this study is the use of spICP-MS to measure the length of GNRs
and to determine the size range of each collected fraction. By collecting fractions at specific elution
times, size information was obtained by spICP-MS and confirmed by ex sifu transmission electron
microscopy (TEM).
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2. Experimental Section
2.1. Materials

Any mention of commercial products within this publication is for information only; it does not imply
recommendation or endorsement by NIST. Ammonium nitrate (NH4NO3, 99%) and CTAB were
purchased from VWR (Bridgeport, NJ, USA) and used without further purification. Thiourea (>99%),
nitric and hydrochloric acid (Optima) used in spICP-MS were purchased from Alfa Aesar (Ward Hill,
MA, USA) and Fisher Scientific (Pittsburgh, PA, USA), respectively. CTAB stabilized GNRs (product
number: A12-N-10-2100-CTAB-5) in aqueous suspension were obtained from Nanopartz (Loveland,
CO, USA). TEM images obtained for this material indicate substantial polydispersity is present (see
Supplementary Materials Figure S1). Deionized (DI) water (18 MQ-cm) was generated by an Aqua
Solutions (Jasper, GA, USA) ultra-low TOC biological grade water purification system. The A4F mobile
phases were passed through a 0.2 um regenerated cellulose filter from VWR. Stock solutions of
ammonium nitrate and CTAB were prepared by dissolving the required amount in DI water. For spICP-
MS, NIST Reference Material 8013 (Gold Nanoparticles, Nominal 60 nm Diameter) was used as a size
standard, and Au solutions (0.5 ng g ! to 28 ng g ') were used as mass calibration standards. Calibration
solutions were prepared by diluting NIST Standard Reference Material 3121 (Gold(Au) Standard
Solution; 9.89 mg g ! Au) in an acid solution constituted of 1.0% mass fraction HCI, 0.04% mass fraction
HNO3, and 0.5% mass fraction thiourea. A4F fractions from GNR samples were diluted in 0.15 mmol L™
CTAB to desired concentrations (=10*-10° particles mL™") prior to spICP-MS analysis.

2.2. Instrumentation

A DualTec (Wyatt Technology, Santa Barbara, CA, USA) A4F system was used for all separation
studies. A 250 um or 350 um spacer was used, and channel dimensions were 145 mm in length and from
(2.1 to 0.6) cm in width. For all experiments, polyethersulfone (PES) membranes with a 10 kDa cut-off
were used (Wyatt Technology). Flows (main flow and crossflow) were controlled with an Agilent
Technologies (Santa Clara, CA, USA) 1200 series isocratic pump equipped with a degasser (Gastorr
TG-14, Flom Co., Ltd., Tokyo, Japan). Injections were performed with a 1260 Infinity high performance
autosampler equipped with a 900 pL stainless steel sample loop (Agilent Technologies). The only
on-line detector utilized for this study was a 1200 series UV-Vis absorbance DAD (Agilent Technologies)
with a spectral range from (190 to 950) nm and a sampling rate of 20 Hz; data was collected and analyzed
using OpenLab CDS (version C.01.06(61)). A Thermo X series II quadrupole ICP-MS (Waltham, MA,
USA) was used for spICP-MS analysis. Samples were introduced into the ICP-MS using a microflow
perfluoroalkoxy concentric nebulizer (PFA-ST, Elemental Scientific, Omaha, NE, USA) and a glass
impact bead spray chamber cooled to 2 °C. TEM images were collected using a JEM 3010 from JEOL
(Waterford, VA, USA) operated at 300 kV.
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2.3. Methods

In this study, considering the size range of GNRs, the main flow (¥,) was fixed at 0.3 mL min .
Channel and fractionation conditions are listed in Table 1. The fractions were observed at elution times,
from 11 min to 25 min, but collected and recorded at time, ¢, accounting for the duration it takes the samples
to elute from the detector into the collection vial. ICP-MS operating parameters are listed in Table 2.

Table 1. A4F fractionation parameters used for separation of GNRs.

Channel parameters Membrane polyethersulfone (PES)
Membrane cut-off 10 kDa
Spacer 250 pm or 350 pm
Fractionation time Elution time 1 min
Focus + Injection time 3 min
Focusing time 2 min
Elution time (45-65) min
Injection volume 100 uL
Fractionation step, flow Injection flow 0.2 mL min™'
and volume Elution flow (V) 0.3 mL min™'
Cross flow (V3) 0.3-0.75 mL min™
Table 2. Operating parameters for ICP-MS.
ICP-MS Thermo X series 11

PFA-ST MicroFlow nebulizer
cooled impact bead spray chamber

Sample introduction

Sample flow rate (mL min™") 0.18
RF power (W) 1400
Plasma gas flow (L min™") 14.0
Sample gas flow (L min") 0.90
Nebulizer gas flow (L min™") 0.90
Extraction (V) —149.0
Hexapole bias (V) -1.0
Quadrupole bias (V) =5.0
Data acquisition mode Time-resolved analysis (TRA)
Dwell time (ms) 10
Acquisition time (s) 600

2.4. Characterization

The high atomic density of Au leads to rapid sedimentation, thus samples were sonicated in a bath
for at least 15 min prior to injection. This was a crucial step, because if the sample was not re-dispersed
by sonication, a broad unresolved fractogram was observed. Displacement of CTAB could also
contribute to this undifferentiated mass. For analysis of GNR suspensions, 100 uL of sample was
injected into the A4F channel. Fractions collected from three consecutive injections were consolidated
and centrifuged for 30 min at 10,000 rpm (1047 rad s™') using a microfuge. The pre-concentration of
particles was necessary for TEM analysis. The size distributions of selected A4F fractions were then
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analyzed by spICP-MS following appropriate dilution. The ICP-MS was tuned daily to achieve the
maximum ''’In sensitivity and minimum oxide formation (**CeO/'*°Ce < 2%). ’Au intensity was
recorded in TRA mode using integration dwell time of 10 ms and acquisition time of 600 s. The operating
parameters are given in Table 2. Mass-based particle size was derived by established methods [29,35]
assuming a GNR diameter of 20 nm as approximated from TEM images (a detailed calculation procedure
is presented in the Supplemental Materials). Length measurements for 237 GNRs obtained by TEM are
presented in Table S1 of the Supplemental Materials.

3. Results and Discussion

Our research team has previously tackled the major challenges of separating GNRs with A4F by
optimizing mobile phase conditions, determining the best channel and cross flow (Vx) for separation and
recovery, and overcoming limitations of the DAD [36]. We have previously determined that a mobile
phase consisting of 0.15 mmol L™' CTAB and 0.35 mmol L™! NH4NO3 provides the best recovery and
resolution for CTAB coated GNRs.

While it is possible to synthesize high-AR GNRs, it is nearly impossible to obtain a finished product
without non-cylindrical byproducts [8,36—40]. In order to isolate the elution mechanism of rods and
avoid mixed geometries, the GNRs were commercially sourced. Figure 1a presents an offline absorbance
spectrum that clearly shows the commercial GNRs absorbing in the NIR range, indicating AR > 4.
However, even with the use of commercial GNRs, length polydispersity is clearly present as shown in
Figure 1b,c. While the diameters of the GNRs are very uniform (=20 nm), the lengths range from 50 nm
to over 200 nm (see Supplemental Materials Figure S1). This further supports the necessity of developing
a flexible, continuous, and industrial-scaled functional separation methodology to support the limited

techniques that are currently applied.

()

NIR Spectrum of High AR GNRs

Absorbance (a.u.)

630 730 830 930 1030 1130 1230
Wavelength (nm)

Figure 1. (a) NIR spectrum of as received commercially sourced GNRs. TEM images of
same material: scale bar in (b) and (¢) is 100 nm and 200 nm, respectively.

Due to the high AR, we initially used a spacer size of 250 um and applied a constant Vi from
0.3 mL min! to 0.75 mL min"!. Figure 2a shows a 3D fractogram with a peak starting from #z = 10 min
and ending around 30 min (where ¢z is the retention time). Given the complexity and polydispersity of
the original sample, a very broad peak is probable. However, despite an expected broad peak, based on
the DAD signals, the GNRs were not fractionating under these conditions (using a 250 pm spacer). The
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tr of the absorbance signals (peaks) from 600 nm to 800 nm are nearly identical, therefore a 350 um spacer
was substituted. Figure 2b shows an online DAD spectrum for the same GNR sample at ¥ = 0.3 mL min"!
with the larger spacer. It is evident that fractionation of high-AR GNRs is achieved more effectively
with the larger spacer size; there are clearly identifiable peaks across the entire UV-Vis spectrum.
Although the UV-Vis data indicates multiple peaks and the separation of GNRs, the DAD absorbance is

limited to a maximum wavelength of 800 nm. It should also be noted that recovery is relatively low,
about 30%.

(a) (b)

Online DAD Absorbance (a.u)

Online DAD Absorbance (a.u)

Figure 2. Online 3D DAD spectra of GNRs fractionated using the parameters in Table 1
(a) with a 250 um spacer and Vx = 0. 75 mL min "', (b) 350 pm spacer and Vx=0. 30 mL min '
The wavelength scale ranges from 400 nm (blue) to 800 nm (red).

In order to confirm the separation of all GNRs under these conditions, fractions were collected at
I-min intervals across the elution peak from (12 to 22) min for further analysis. Despite collecting and
combining fractions from triplicate runs, the particles were not sufficiently concentrated for rapid TEM
measurements (i.e., an extensive amount of time was required to find a relatively low number of nanorods)
nor for offline NIR measurements.

An A4F separation of the GNR sample is demonstrated by the fractogram in Figure 3 with
corresponding off-line analysis with spICP-MS and TEM in three fraction ranges indicated by the
colored rectangles. Figure 3a shows the length histograms and corresponding TEM images at = 12 min
(top histogram) and ¢ = 14 min (bottom) (¢ signifies collection time). spICP-MS analysis reveals a large
polydisperse population with lengths (assuming a rod geometry) from less than 50 nm to nearly 300 nm
in the earliest range (red color). TEM characterization of the earliest fraction at # = 12 min confirms a
subpopulation of different species of non-cylindrical particles and GNRs with low AR. In normal mode,
particles elute according to their increasing hydrodynamic size. When comparing the particles found in
the early elution fraction to those at longer elution times, a greater number of smaller (or shorter)
particles elute earlier on, suggesting normal mode elution; however, the data presented here is too limited
in scope to draw an absolute conclusion with respect to the elution mechanism, and the role of CTAB
can be complex leading to, for example, co-elution effects.
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DAD Signal @ 520 nm (a.u.)

Figure 3. Online DAD signal at 520 nm over the entire elution peak. The collected fractions
and TEM scale bar sizes are as follows: (a) top: 12 min, scale bar 50 nm; bottom: 14 min,
scale bar 50 nm. (b) 16 min, scale bar 20 nm. (¢) top: 19 min, scale bar 20 nm; bottom: scale
bar 20 nm. The x- and y-axis on all the histograms are length (nm) and particle count,
respectively, where particle count has been normalized to the total count and expressed as a
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Perhaps more importantly, the spICP-MS and TEM results suggest poor separation in the early eluting
portion of the fractogram at = 12 min, with a wide variation in both shape and size, followed by a more
narrow distribution of lengths. This suggests that A4F has the capacity to separate the higher quality
high-AR GNRs from the complex soup of shapes and lower-AR GNRs that elute early on. From a
nanomanufacturing perspective, this result is encouraging for the potential use of A4F as a preparatory
method for enrichment of discrete nanorod populations; however, preparatory applications would require
additional research to increase throughput and improve recovery. The large polydispersity or lack of
differentiation in the initial eluting fraction may be due to several factors, including incipient aggregation.
CTAB can desorb from the surface of GNRs leading to irreversible aggregation over time [41,42], which
would account for some of the larger entities present in the spICP-MS data. It is also hypothesized that
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some of the larger particles in the # = 12 min fraction may result from the high cross-flow during
focusing. Regardless, the hydrodynamic properties of the early eluting “soup” are sufficiently different
from the single high-AR GNRs to allow clear separation.

Att= 14 min (Figure 1a —top), the spICP-MS histogram begins to narrow and shift to longer lengths,
although the length distribution continues to be relatively broad. The TEM images indicate a GNR length
around 150 nm, which is close to the average of the histogram (mean GNR length: (157 &+ 64) nm, where
the 64 nm is the standard deviation of the distribution). In all histograms, the high count at length 0 can be
attributed to the occurrence of false positive and split particle events in spICP-MS measurements [29,43,44].

The spICP-MS histogram at = 16 min in Figure 3b yields a mean GNR length and standard deviation
of the distribution of (185 + 55) nm, and is consistent with improved separation and a much narrower
distribution of lengths. Figure 3¢ shows the histogram and representative TEM images for the fractions
collected at the tail of the elution peak; the mean length and standard deviation of the distribution in
Figure 3¢ is (196 + 66) nm and again a relatively narrow and well defined length population is observed,
with TEM showing an apparent absence of non-cylindrical shapes. It should be noted that replicate
determinations of the mean length using spICP-MS under repeatability conditions, exhibited excellent
precision and a clear trend toward increasing length with increasing elution time (see Table 3).

Table 3. Mean and standard deviation of the mean for replicate measurements of GNR
length by spICP-MS.

Collection time (min) Mean * (nm) Standard deviation *
12 125.5 5.7
14 155.4 4.6
16 184.1 1.9
19 197.2 2.1

* Calculated from 3 replicate spICP-MS measurements (sample dilutions) for each GNR fraction.

While it was difficult to obtain statistically representative TEM images from the fractions, the
conclusion that the early fractions are more polydisperse and contain a higher percentage of smaller
particles, while the later fractions are better resolved and more enriched with respect to rods, is reflected
in Figure 3a at 12 min and consistent with spICP-MS results. Figure 3b,c data suggest A4F fractionation
can provide less polydisperse fractions if collected over short time intervals at longer elution times. The
late eluting fractions, ¢ > 16 min (Figure 3b,c), clearly show that longer GNRs (with higher AR) are
associated with greater retention compared with their shorter early eluting counterparts. Although this is
commonly expected with large spherical particles (in the micrometer range), as mentioned previously, we
have observed the opposite trend with GNRs in our earlier studies using small-AR GNRs (Ar <4) [19,20].
In these earlier studies, tr was inversely proportional to AR for both CTAB and polyethylene glycol
stabilized low-AR GNRs. By comparison, Chen and Selegue [45] show that high-AR (>30) single wall
carbon nanotubes (SWCNTSs) and multi-wall CNTs (including bundles) both elute inversely to the AR
regardless of the length or diameter, in contrast to our results for higher-AR GNRs but in agreement with
results for low-AR GNRs; however, the authors emphasize that SWCNTSs elute “normally” according to
length (which correlates with the present study), whereas MWCNTs elute by steric mode inversely to
length (which correlates to the low-AR GNRs in earlier studies), while overlooking the consistent
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inverse dependence on AR. Clearly, AR plays a substantial role in the elution behavior of rod-like
nanomaterials, but differences in retention behavior arise also from differences in the density and length
(i.e., hollow, low density CNTs behave differently than solid, high density GNRs), which impact the
particle-membrane interactions and the transport behavior in the A4F flow profile. Therefore, within a
particular material class (e.g., metallic nanorods), there is a strong AR dependence, but that relationship
may not be the same for all rod-like particles, and deconvoluting the influence of AR, length, and density
is difficult without more comprehensive investigations across a broad parameter space using well
characterized test materials.

The high-AR GNRs in this study are more massive, due to longer lengths, than rods utilized in
previous GNR experiments [19,20]. Studies based on the flow of nanoparticles in microchannels
determined that smaller particles and rods favored margination (i.e., lateral drift) [46]. In the
microchannel experiments, the lateral drift is comparable to the location of GNRs within the parabolic
flow of the A4F channel. Toy et al. evaluated the effect of nanoparticle shape in microflow and
determined that particle density, rather than size, had a stronger influence on margination. In another
study based on the elution of GNRs in a cylindrical electrical FFF, Song et al. [47] modeled the flow of
GNRs of length 1000 nm and 2000 nm, and experimentally determined that the shape of the particle
makes it experience more drag due to pressure differences across the particle, leading to longer elution
times than their spherical counterparts. We hypothesize that the effect of several key parameters, such
as margination rate and shape, results in high-AR GNRs eluting later than the complex soup containing
aggregates, smaller rods and non-cylindrical morphologies in the present study.

4. Conclusions

A4F was successfully applied to a mixture of complex high-AR GNRs that fractionated in an overall
trend according to length from shortest to longest. A GNR diameter of approximately 20 nm was
determined by TEM, and this diameter was used for spICP-MS calculations of length distributions. In
addition, we report, to our knowledge, the first use of spICP-MS to quantify the size of GNRs in situ.
The fractograms in Figures 2 and 3 demonstrate that A4F has the capacity to separate GNRs by length
and AR from a complex mixture. The narrow polydispersity in the later eluting fractions suggests that
the method can be used to collect and analyze specific AR fractions for their distinct properties and
applications. The A4F method, when complemented with UV-Vis and spICP-MS, can provide
information on shape populations, size, length, and AR of the GNRs. These findings provide a needed
spotlight on the elution mechanism of 1D nanostructures in A4F, and support the necessity for additional
experiments to better define the underlying controlling factors for industrial scale enrichment of
asymmetrical nano-products.

Supplementary Materials

Supplementary materials can be accessed at: http://www.mdpi.com/2227-9075/2/3/422/s1.
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