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The physicochemical characterization of nanoparticles (NPs) is of paramount importance for tailoring
and optimizing the properties of these materials as well as for evaluating the environmental fate and
impact of the NPs. Characterizing the size and chemical identity of disperse NP sample populations can be
accomplished by coupling size-based separation methods to physical and chemical detection methods.
Informed decisions regarding the NPs can only be made, however, if the separations themselves are
quantitative, i.e., if all or most of the analyte elutes from the column within the course of the experiment.
We undertake here the size-exclusion chromatographic characterization of Au NPs spanning a six-fold
range in mean size. The main problem which has plagued the size-exclusion chromatography (SEC)
analysis of Au NPs, namely lack of quantitation accountability due to generally poor NP recovery from
the columns, is overcome by carefully matching eluent formulation with the appropriate stationary phase
chemistry, and by the use of on-line inductively coupled plasma mass spectrometry (ICP-MS) detection.
Here, for the first time, we demonstrate the quantitative analysis of Au NPs by SEC/ICP-MS, including the
analysis of a ternary NP blend. The SEC separations are contrasted to HDC/ICP-MS (HDC: hydrodynamic
chromatography) separations employing the same stationary phase chemistry. Additionally, analysis of
Au NPs by HDC with on-line quasi-elastic light scattering (QELS) allowed for continuous determination
of NP size across the chromatographic profiles, circumventing issues related to the shedding of fines
from the SEC columns. The use of chemically homogeneous reference materials with well-defined size
range allowed for better assessment of the accuracy and precision of the analyses, and for a more direct
interpretation of results, than would be possible employing less rigorously characterized analytes.
Published by Elsevier B.V.

1. Introduction

Over the past two decades, the applications of nanomaterials in
both fundamental research and applied science have proliferated.
Gold nanoparticles (Au NPs), in particular, have found a rapidly
growing range of uses. These latter include as connectors in nano-
electronics chips [1]; for photodynamic therapy, e.g., hyperthermia
therapy wherein the infrared heating of nanoparticles contained in
a tumor serves to kill the tumor cells [2]; for the delivery of ther-
apeutic agents, capitalizing upon the large surface area to volume
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ratio of the Au NPs [3]; as sensors for proteins, pollutants, and food
contaminants [4]; in biological imaging, as transmission electron
microscopy probes [5]; for the detection of biomarkers related to
various diseases and infectious agents [6]; in home pregnancy tests
based on lateral flow immunoassays [7,8]; and as catalysts [9], to
name but a few.

Accompanying the above applications is a variety of concerns
regarding the environmental and physiological impact of Au NPs.
Covered extensively in a number of relatively recent publications
[10-12], these include accumulation in both biological tissues (gut
biota, cell nuclei, etc.) and in estuarine mesocosms [11,13]; the
upregulation of antioxidants, stress response genes, and protein
expression (e.g., induced oxidative stress in the digestive gland of
bivalves)[14,15]; reduction of human sperm motility [ 16]; etc. Bio-
and econanotoxicity effects for nanoparticulate gold have found to
be size dependent, with the kinetics of intracellular uptake dif-
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fering markedly among 14nm, 50 nm, and 74nm Au NPs; and
with 10 nm Au NPs found in the blood and certain organs of male
Wistar-derived rats, while larger Au NPs were not found in many
of the same organs [17]. Shape has also been found to play a role,
with Au nanorods displaying cytotoxic effects where Au NPs do
not [18]; and with HaCaT cells incubated with Au nanorods and
nanoprisms displaying different bright field confocal miscroscope
images, indicative of differences in cellular uptake, than do cells
incubated with Au NPs [12,19].

Given the important role that size plays in both the application
and the fate of Au NPs, its characterization is paramount. For nar-
rowly distributed NP size populations, this has generally been done
employing off-line quasi-elastic light scattering (QELS, also known
as dynamic light scattering), transmission electron microscopy and,
more recently, single particle inductively coupled plasma mass
spectrometry. For more broadly distributed samples, multimodal
samples, or in the case of blends, separation techniques are needed
and these have included, in the case of Au NPs, size-exclusion
chromatography (SEC) [20] hydrodynamic chromatography (HDC)
[21-25], field-flow fractionation (FFF) [21,26-30], and both gel and
capillary electrophoresis [31]. Each of these techniques has its own
advantages and disadvantages relative to the others and, while a
discussion of this is beyond the topic of the present contribution,
a number of comparisons have appeared in the recent literature
[32-36].

As pointed out in a recent review [37], one issue which has
plagued the SEC characterization of NPs over the last quarter
century has been a lack of quantitation accountability, i.e., NP
recoveries from columns are, with very few exceptions [see e.g.,
[21,22,38]], not reported. This information gap naturally generates
uncertainty with respect to how much, or which portion, or both, of
the sample has actually been characterized. One way in which this
failure has been overcome, in both the HDC and asymmetric flow
FFF (AF4) characterization of nanoparticles, has been through the
use of inductively coupled plasma mass spectrometry (ICP-MS) as a
detection method following the separations [20-35,39-41].ICP-MS
is an elemental-specific tool which can quantitate metals with high
sensitivity. When coupled to separation techniques such as HDC
or AF4, multi-element size profiles can be obtained with a single
run. Because high sensitivity is necessary especially when environ-
mental samples with low NP/metal concentrations are analyzed,
an additional attractive feature of ICP-MS is that, coupled to a sep-
aration technique, it enables the detection of nanoparticles in the
ng g~ ! range in suspension [21,42,43]. Thus, ICP-MS provides more
sensitivity over other commonly used (in macromolecular and NP
separations) spectroscopic detection methods such as ultraviolet or
light scattering photometry or refractometry [44]. Recovery quan-
tification when using on-line ICP-MS is accomplished via the use of
dose-response calibration curves. The ICP-MS thus plays a dualrole:
That of mass-selective element detector [45,46], providing infor-
mation on the metal(s) present in the NP, and as a sensitive mass
fraction detector, informing our knowledge of analyte column (or
channel, in the case of AF4) recovery.

Here, we compare the separation of Au NPs employing both
SEC/ICP-MS and HDC/ICP-MS, as well as HDC/QELS. The study of
binary and ternary Au NP blends is investigated; column recov-
eries, determined using the on-line mass spectrometry detector,
are (a) reported and (b) shown to be quantitative, averaging over
95% by each method (collectively, these two features, (a) and (b),
correspond to a “quantitative characterization” of the materials
involved); and a comparison among two different size-based sep-
aration methods (SEC and HDC) which employ the same type of
column chemistry as each other is given. Additionally, the use of
chemically homogeneous, stable, reference materials (RMs) with
well-defined size ranges allows for a better assessment of the accu-
racy and precision of the analyses, for a more direct interpretation

Table 1
Experimental conditions for the ICP-MS detection in SEC/ICP-MS and HDC/ICP-MS
analyses.

Plasma conditions

RF Power applied (W) 1400
Plasma gas flow (Lmin—') 13
Sample gas flow (Lmin~1) 0.90
Nebulizer gas flow (Lmin~") 0.94
Extraction (V) - 350
Hexapole bias (V) - 4.0
Quadrupole bias (V) -1.1

Data acquisition parameters

Acquisition mode Time Resolved Analysis
Monitored isotopes 197 Au, 1151n

Dwell time (ms) 300

of measurements and results, and for a better informed inter-
pretation of possible sources of experimental variability, than are
normally possible when analyzing non-RM samples [47]. The latter
type of analytes is planned as the subject of future studies.

2. Experimental
2.1. Materials

Three gold nanoparticle (Au NP) reference materials (RMs) with
approximately spherical shape and with nominal diameters of
10nm, 30 nm, and 60 nm, were obtained from NIST (RM 8011, RM
8012 and RM 8013, respectively, Gaithersburg, MD, USA) [48-50].
The Au NPs are stabilized with citrate and supplied as suspensions
in water. NIST Standard Reference Material (SRM) 3121 Gold (Au)
Standard Solution was used as ionic gold; NIST SRM 3124a Indium
(In) Standard Solution was used as an internal standard [51]. Milli-
Q (Millipore, Billerica, MA, USA) high-purity water was used for all
sample preparations and dilutions. Concentrated nitric acid (69%,
mass fraction) and hydrochloric acid (32% to 38%, mass fraction)
were from GFS Chemicals (Veritas double distilled, Columbus, OH,
USA). Sodium hydrogen phosphate (NaHPO,), Triton X-100, and
sodium dodecyl sulphate (SDS) were from Sigma-Aldrich (St. Louis,
MO, USA). Formaldehyde was purchased from Mallinckrodt Chem-
icals (Paris, KY, USA).

2.2. SEC/ICP-MS

Separation of Au NPs was conducted using an SEC instru-
ment which consisted of a Varian 9012 pump (Palo Alto, CA,
USA), a Wyatt high-pressure injection system with 100 L loop
(Wyatt Technology Corp., Santa Barbara, CA, USA), and a bank
of two 8.0 mm x 300 mm MCX columns from PSS Polymer Stan-
dards Service (Mainz, Germany) with 10° and 103 A nominal
pore sizes and 10 wm diameter sulfonated styrene/divinyl benzene
copolymer particles. A Thermo Fisher X-Series 7 quadrupole induc-
tively coupled plasma mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) was directly coupled to the SEC system for
elemental detection. The ICP-MS instrument was equipped with
a microflow perfluoroalkoxy (PFA) concentric nebulizer (PFA-ST,
Elemental Scientific, Omaha, NE, USA) and an impact bead spray
chamber cooled to 2°C. To minimize the matrix influence on the
ICP-MS signal, a Xi skimmer Ni cone (Thermo Fisher Scientific)
was used throughout for ICP-MS measurements. The experimental
conditions for ICP-MS detection are summarized in Table 1.

The mobile phase used for both the SEC/ICP-MS and HDC/ICP-MS
analyses was 0.5 mmol L~1 NayHPO, + 0.05% Triton X-100+0.013%
SDS +0.05% formaldehyde, pH 7.5 (all percentages are mass based,
the balance of the mass being water). This is a variant of the HDC
eluent formulation of McGowan and Langhorst [52], which our
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group has previously employed successfully in the multi-detector
HDC analysis of particles with a variety of shapes and sizes [53-55].
The choice of eluent, along with that of SEC and HDC column pack-
ing material, is discussed in the Supporting Information, along with
the role of the various eluent components in preventing analyte
aggregation in solution and analyte adsorption onto the columns.
Indium (0.1 ngg~!) was added to the mobile phase to monitor the
signal level at mass-to-charge ratio (m/z) 115 to correct for signal
drift and matrix effects. Before analyses, the instrument was tuned
daily using a multi-element standard solution (1 wgL~! of each of
Li, Be, Co, In, Ba, Ce, and U in 2% v/v nitric acid) for maximum !1°In
sensitivity and minimum oxide (1°6Ce0Q/140Ce) level (<2%). Under
this condition, the ICP-MS also exhibited maximum sensitivity for
197 Au. Flow rates of 0.25 mLmin—!, 0.5mLmin~!, and 1 mLmin~!
were employed.

All samples and working standard solutions were prepared on
a mass fraction basis. Au NPs were suspended in the mobile phase
at a final Au mass fraction between 10ngg~! and 100ngg~!. For
the recovery calculations, calibration curves were prepared using
the 10nm diameter Au NP and also the ionic Au standard. Flow
injection analysis was used to directly inject both species to the ICP-
MS (without SEC separation, but using the same flow rate as in SEC)
using mass fractions ranging between 1ngg-! and 50ngg-!. Five
sequential injections were made of each solution and the average
peak areas were employed to construct the calibration curve (peak
area versus mass fraction). Origin 2015 graphing software (v. 9.1,
OriginLab, Northampton, MA, USA) was used for all integrations
and peak area calculations.

2.3. HDC/ICP-MS

HDC/ICP-MS analyses were performed using the same instru-
mentation and mobile phase as for SEC/ICP-MS, except that the SEC
columns were replaced with a bank of two 7.5 mm x 400 mm Agi-
lent/Polymer Laboratories PS-1 HDC columns packed with 15 pum
non-porous particles (Agilent/Polymer Laboratories, Amherst, MA,
USA). While the HDC mobile phase was unintentionally overspiked
with 0.1 ugg™! of In internal standard, this turned out to have
a negligible effect on the calculated relative ICP-MS intensities
of the various peaks of the individual Au NPs and of the Au NP
binary blends. The flow rates employed were 0.5mLmin~! and
1 mLmin~!. Column recoveries were determined the same way as
described above for SEC.

2.4. HDC/QELS

Independent of the on-line ICP-MS experiments, on-line
HDC/QELS experiments were performed employing an Agilent
1260 isocratic pump and autosampler, two Varian PS-1 HDC
columns (same column set as employed in the HDC/ICP-MS section
above), and an on-line QELS detector (Wyatt). The QELS measure-
ments were performed at a nominal angle of 108° relative to the
incident laser beam. The flow rate was 1 mLmin~!. ASTRA software
(version 6.1.1.17, Wyatt) was used for data collection and process-
ing. Autocorrelation functions for the various Au NPs can be found
in the Supporting Information.

It should be noted that SEC/QELS measurements were also
attempted, using the SEC column set described above, but partic-
ulate shedding from the columns hampered the ability to obtain
adequate signal-to-noise ratios for any of the Au NP peaks, even
after extended rinsing of the columns with pH 7.45 sodium
phosphate solution. The reason this is a problem is because the
particulates, or “fines,” being shed from the SEC columns scatter
large amounts of light, sufficiently so as to create a noisy enough
background that obscures, if not completely occludes the signals
from the analytes. To date, commercially available “light scattering

Table 2
Chromatographic resolution (R, ) between 10 nm and 60 nm Au NPs in SEC and HDC,
at various flow rates.

Flow-rate (mLmin~1) Rs

SEC/ICP-MS HDC/ICP-MS
1 0.62+0.03 0.49 +0.05
0.5 0.93+0.02 0.62 +0.05
0.25 1.06+£0.01

Uncertainties correspond to one standard deviation based on at least duplicate injec-
tions per suspension. R; values based on chromatograms of individual Au NP samples

and calculated using the equation Rs = % where Vy is the peak retention

volume; W, is the chromatogram base peak width determined by the method of
tangents and an exponentially modified Gaussian fit; and 10 and 60 refer to the
individual 10 nm and 60 nm Au NPs, respectively [46].

friendly” sulfonated styrene/divinyl benzene columns SEC do not
appear to exist.

3. Results and discussion
3.1. SEC/ICP-MS of Au NPs

Non-functionalized NIST RM Au NPs with nominal diameters
of 10nm, 30nm, and 60 nm, as well various binary and ternary
blends of these NPs, were separated using SEC coupled online to
ICP-MS detection. Analyses of the 10nm and 60 nm NP and of a
1:1 (w/w) blend of both sizes were performed at three different
flow rates, namely 1 mLmin~!, 0.5mLmin~!, and 0.25mLmin"!.
As can be seen in Fig. 1, changes in flow rate do not appear to
affect the retention of the NPs. This observation agrees with SEC
theory, where retention is predicted to be governed by the extent
of analyte permeation into the pores of the column packing mate-
rial, not by the rate of permeation [46,56-58]. The effect of flow
rate on chromatographic resolution, however, is immediately evi-
dentin Fig. 1. At 1 mLmin~! (Fig. 1A), the resolution R of a blend of
10nm and 60 nm Au NPs was 0.62 (Table 2). Decreasing flow rate
by a factor of two, to 0.5mLmin~!, results in a marked improve-
ment in resolution: The 10nm and 60 nm Au NP populations are
more clearly distinguishable from each other in the blend, and now
Rs=0.93 (a 50% increase; see Table 2). Cutting the flow rate in half
once more, to 0.25mLmin~!, brings an even further increase in Rs,
to 1.06 (i.e., an additional 12% increase; see Table 2). Given that, at
0.25 mLmin~!, if the chromatogram of the blend were bisected at
the minimum between the peaks each collected portion would be
>98% pure (purer than this, if one were to collect only the portions
to the left of the peak apex of the 60 nm Au NP peak and to the right
of the 10 nm Au NP peak apex) [46], no further reduction in flow
rate was investigated.

It should be noted that the observed increase in Ry with decreas-
ing flow rate, described above, agrees with the kinetic theory of
diffusion in SEC. According to this theory, for large analytes (a
descriptor which has been shown, empirically, to correspond to a
diameter larger than ~10 nm), band broadening is governed chiefly
by stationary (or stagnant) mobile phase mass transfer and by the
flow-diffusion coupling of the eddy dispersion and extraparticle
mobile phase mass transfer terms of the extended van Deemter
equation (for analytes smaller than ~10 nm, and/or at very low flow
rates, the effects of longitudinal diffusion become manifest and may
even dominate band broadening in SEC) [46,59]. How these find-
ings contrast with what happens in the HDC analysis of Au NPs is
explored later in this paper.

We also note here the assumed absence of sample dispersity
(either in size or shape) effects in the separation. In addition to
the generally accepted wisdom that slices eluting from SEC or HDC
columns are sufficiently narrow so as to be considered monodis-
perse with respect to size, the virtual absence of size dispersity is
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Fig. 1. SEC/ICP-MS chromatograms for individual Au NPs with nominal diameters of 10 nm (black), 60 nm (magenta), and 1:1 (w/w) blend of the two (blue), at three different
flow rates, A) 1 mLmin~', B) 0.5 mLmin~!, and C) 0.25 mLmin~!. The injected mass was 10 ng per individual NP (i.e., for the binary blends, a total of 20 ng of NP was injected,
10 ng each of the 10 nm and the 60 nm Au NP). Note that ordinates in Figs. 1-3 have been normalized for In content in mobile phase (see Experimental for details). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

also evidenced by the fact that the translational diffusion coefficient
(D) dispersity, defined as the ratio of the weight- to number-
average Dy (i.e., as Dy, /Dr ), ranges from 0.95 + 0.02 to 1.01 £ 0.01
for the Au NPs examined. Here, D was measured at each slice
eluting from the HDC columns using quasi-elastic light scattering
(QELS) detection, as described more fully in Sections 2.4 and 3.3. As
regards shape dispersity, which can lead to so-called local polydis-
persity effects (i.e., to the coelution of samples of different shape
but which occupy the same hydrodynamic volume in solution),
the scanning electron and transmission electron microscopy data
in references [48-50] are clear evidence that this is not an issue,
because all three Au NPs were demonstrated to be homogenous
and virtually spherical with respect to shape.

In addition to the binary NP blend, aternary 1:1:1 (w/w/w)blend
of the 10 nm, 30 nm, and 60 nm Au NPs was also analyzed by SEC.
The result of the analysis, which was performed at 0.25 mLmin—!,
is shown in Fig. 2. As can be seen in the figure, as the relative size
difference between Au NPs increases, so does the chromatographic
resolution: The Ry between the individual 30 nm and 60 nm par-
ticles, which differ from each other in size by only a factor of 2, is
0.41, whereas the R; between the 10 nm and 30 nm Au NPs (relative
size difference of 3) is 0.57 and, as noted above, for the 10 nm and
60 nm Au NPs, where the size difference has increased to a factor
of 6, Ry = 1.06.

In Fig. 2, as is also the case in Figs. 1 and 3 and, an increase in
noise is observed in the chromatograms of the individual NPs as a
function of increasing NP size. This is due to the fact that, because

57 sec
10 nm + 60 nm

1 0.25 mL min’
. /

197Aul115|n

T T T T T T T — "
10 11 12 13 14

Retention volume (mL)

Fig. 2. SEC/ICP-MS chromatograms, obtained at 0.25 mLmin~!, of individual Au NPs
with nominal diameter of 10 nm (black), 30 nm (green), 60 nm (magenta), of a 1:1
(w/w) blend of the 10 nm and 60 nm Au NPs (blue), and of a 1:1:1 (w/w/w) blend of
all of the three NPs (orange). In each case, the injected mass followed the convention
described in the legend for Fig. 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. HDC/ICP-MS chromatograms of Au NPs with nominal diameter of 10 nm
(black), 60 nm (magenta), and a 1:1 (w/w) blend of both (blue) obtained employing
flow rates of A) 1 mLmin~" and B) 0.5 mLmin~"'. In B), chromatogram of 10 nm NP
has been scaled to account for differences in > In content in solutions of this NP,
as compared to solutions of the 60 nm NP or of the blend. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

equal masses of gold were injected onto the columns for each size,
the number concentration of 60 nm Au NP is lower than that of the
30 nm Au NP which, in turn, is lower than that of the 10 nm Au NP.

3.2. HD(/ICP-MS of Au NPs and comparison to SEC/ICP-MS

As mentioned in the Introduction, various examples of quantita-
tive HDC/ICP-MS analysis of metal-containing NPs have appeared in
the recent literature. HDC is a separation technique which, coupled
to a multiplicity of detection methods, has been widely employed
for the characterization of polymers, colloids, nanoparticulate
drug delivery vesicles, etc. [53-55,60-64]. As such, a comparison
between SEC/ICP-MS and HDC/ICP-MS, as regards the quantitative
separation of Au NPs, appears appropriate. In the present case,
the comparison can be made more direct by the fact that both
the SEC and the HDC columns used in the experiments employ
the same type of packing particle chemistry, namely sulfonated
styrene/divinyl benzene, the main difference being that the SEC col-
umn packing material is porous, whereas the HDC packing material
is not.

Results of the HDC/ICP-MS analysis of the 10 nm and 60 nm par-
ticles, bothindividuallyandina1:1(w/w)blend, are shownin Fig. 3.
Analyses were performed at two different flow rates, 1 mLmin~!

and 0.5 mLmin~!. The R, values at these flow rates were 0.49 and
0.62, respectively (Table 2, again based on chromatograms of the
individual Au NPs). These results merit comparison to each other,
as well as to the R values obtained during SEC analysis, above.

First, when comparing the R of the HDC separations to those of
the SEC separations it can be observed in Table 2 that, for a given
flow rate (be it 0.5 mLmin~! or 1 mLmin~1), resolution is better in
SEC than in HDC. The higher R; of the SEC separations, as compared
to HDC, is mainly due to the fact that, in HDC, separation occurs
through the selective sampling by the analytes of the streamlines
of flow in the rather limited interstitial (interparticle) volume of
the columns [61]. Conversely, in SEC separation is achieved by the
analytes sampling the more abundant intraparticle pore volume
[46]. As such, all other factors being equal (or similar, because the
SEC and HDC columns do not have the exact same dimensions as
each other), higher resolution is expected from SEC separations as
compared to HDC.

The flow rate dependence of Rs; in SEC has been noted and
explained above. As seen in Table 2, however, in HDC flow rate has
only a moderate effect on Rs. In HDC, R; was observed to increase
by only 0.13 (a mere 27% increase) with a two-fold decrease in flow
rate from 1 mLmin~! to 0.5mLmin~! whereas, for the same flow
rate change in SEC, Rs increased by 0.31 (a 50% increase). While this
marked difference between the chromatographic resolution of two
packed column size-based separation methods may seem surpris-
ing, the results are in full agreement with what is predicted by the
kinetic theory of HDC (see Sections 4 and 5 of ref. [61]). Accord-
ing to this theory, for reduced velocities (which are, by definition,
dimensionless) greater than 5 the reduced plate height changes
little in HDC (at reduced velocities lower than 5, longitudinal dif-
fusion effects become more manifest in the separation) [61,65].
As such, the relative flow rate independence of Rs in HDC is not
unexpected. This means that improvements in HDC resolution can
generally only be achieved through reductions in column packing
particle size, though it also means that HDC analyses can be per-
formed at relatively high reduced velocities without a sacrifice in
chromatographic resolution (assuming no analyte degradation at
the increased strain rates that accompany high separation veloci-
ties, or that the aspect ratio of the analyte, i.e., the ratio between
the effective radius of the analyte and the hydraulic radius of the
column, is not so large as to disturb the interparticle Poiseuille flow
profile away from its expected parabolic shape) [61].

It is as a consequence of the low resolution of HDC, as exem-
plified in Fig. 3, that the separation of a ternary blend of 10 nm,
30nm, and 60 nm NPs was not attempted, whereas the relative
flow-rate-independence of HDC R; explains why flow rates lower
than 0.5 mLmin~! were not employed in these experiments.

3.3. Size determination of Au NPs by HDC/QELS, and comparison
to HDC/ICP-MS

Because the ICP-MS is a mass detector for the atoms from the
metallic core of NPs, SEC/ICP-MS and HDC/ICP-MS are valuable
tools for element-specific characterization of (colloidal) samples
containing NPs. However, neither of these chromatographic/mass
spectrometric couplings provides direct information on NP size
(unless, that is, the ICP-MS is operated in single particle mode
[22,23,66-68], which is not the case here). On-line coupling of
quasi-elastic light scattering (QELS) detection to size-based separa-
tion techniques such as SEC or HDC provides a method by which to
determine hydrodynamic particle size continuously across the NP
chromatograms, without having to rely on constructing and apply-
ing NP diameter calibration curves. Because of chromatographic
(and extracolumn) band broadening of analyte peaks in SEC and
HDC, the calibration curve approach tends to overestimate the size
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range of the sample [37,69]. With QELS detection, however, the
translational diffusion coefficient Dt of the NPs is measured at each
slice eluting from the chromatographic columns [46]. This coeffi-
cient is a parameter directly relatable to NP size, with the relation
between Dr and the hydrodynamic (Stokes) radius Ry given by
[45,46,70,71]:

kT

= GnoDr W

Ry
where kg is Boltzmann'’s constant, T is the absolute temperature of
the experiment, and 7y is the solvent or carrier fluid viscosity at
the experimental temperature. (Ry is generally interpreted as the
radius of a homogeneous hard sphere, i.e., of a sphere of constant
density and composition, which has the same Dt as the analyte.
Given the aforementioned sphericity and chemical homogeneity
of the Au NPs, this equivalency can, in the present case, be consid-
ered an equality). Consequently, with on-line QELS detection it is
possible to measure size, by way of Ry, continuously across the NP
chromatograms.

As mentioned earlier, successful coupling of the SEC columns
employed in this experiment to QELS detection was not possi-
ble, due to excessive shedding of “fines” by these columns, even
after extensive flushing. Shedding was not an issue with the HDC
columns used, however. Results of the HDC/QELS experiments are
shown in Fig. 4. The two smallest Au NPs (nominal diameters of
10nm and 30nm) are seen to have the narrowest size distribu-
tion, as exemplified by the Ry of these analytes being relatively
constant across the HDC chromatograms. This agrees with results
from previous TEM, off-line QELS, and related characterization of
these materials [48-50]. For example, the 60 nm diameter Au NP
is observed in Fig. 4C to have the broadest distribution of Ry val-
ues, from ~18 nm to ~48 nm, in excellent agreement with previous
TEM analysis which showed the radius of this NP to span the range
from ~22 nm to ~43 nm [50]. An inversion in HDC elution order is
observed, however, in Fig. 4C for the 60 nm Au NP. While at present
we cannot state with certainty why this inversion occurs, wherein
larger NPs elute after smaller ones for retention volumes greater
than ~13.1 mL, given the size of this NP relative to the hydraulic
radius of the HDC columns (~3 pwm), we can rule out both distur-
bances of the interstitial Poiseuille flow away from its parabolic
profile as well as the mechanical entrainment of NPs within the col-
umn [53,61]. Rather, excessive enthalpic interactions between the
larger NPs in this sample and the column packing material are likely
responsible for the behavior observed, with the solution transla-
tional entropy ASta" of these larger components no longer being
the primary governing force for their HDC separation [61]. It is an
added benefit of on-line QELS detection that it is able to provide
evidence of this type of non-HDC behavior during the separation
process.

When comparing the HDC/ICP-MS chromatograms, at a flow
rate of 1 mLmin~!, of the 10 nm and 60 nm Au NPs (Fig. 3A) to the
HDC/QELS chromatograms of the same NPs at the same flow rate
(Figs. 4A,C), a few features stand out. First, when employing QELS
detection, the chromatogram of the smaller NP is substantially nois-
ier than when ICP-MS detection is employed. This is not surprising,
given that light scattering intensity is directly proportional to the
molar mass and size of the scattering object, i.e., smaller objects or
lower molar mass ones will scatter less light than will their larger,
higher molar mass counterparts. Consequently, all other things
being equal, light scattering signal-to-noise ratio (S/N) decreases
with decreasing analyte size and molar mass. This is not the case
for ICP-MS, however, because it is a mass-sensitive detector that is
unbiased with respect to analyte size and/or molar mass. With the
60 nm Au NP, the opposite situation exists. Given this NPs larger
size, its HDC/QELS chromatogram is fairly “clean,” characterized by
a high S/N due to increased scattering intensity.

Table 3
Column recoveries (given as percentage of injected amount) from SEC/ICP-MS and
HDC/ICP-MS analyses (see Experimental — SEC/ICP-MS for details).

SEC/ICP-MS¢ HDC/ICP-MS¢
10nm? 134+10 124+8
30nm? 108 £3 93+4
60 nm? 85+2 98 +2
Au ionic? 99+2

2 Determined using 10 nm Au NP as a standard.
b Determined using ionic Au as a standard.

¢ Flow-rate 0.25 mLmin~'.

d Flow-rate 1 mLmin~"'.

Second, we observe that the 1mLmin~! HDC/ICP-MS chro-
matogram of the 60nm Au NP is less symmetric than is the
corresponding HDC/QELS chromatogram: The peak asymmetry
factor (in both cases calculated at 10% peak height) is 2 by HDC/ICP-
MS, but is only 1.75 by HDC/QELS. While more symmetric, the
HDC/QELS chromatogram of this NP is also broader, covering an
elution range of ~3.1 mL, as compared to a range of only ~1.67 mL
by HDC/ICP-MS. We believe this is partly due to the difference in
the amount of sample injected, 5 pg in HDC/QELS versus 10 ng in
HDC/ICP-MS, and partly due to the abovementioned non-ideal HDC
elution behavior observed for the 60 nm Au NP. The fact that the
latter effect causes large NPs to elute late in the chromatogram,
and the fact that (as noted in the previous paragraph) large, high
molar mass species scatter light at a higher intensity than do
smaller, lower molar mass species, combine to increase the sen-
sitivity of QELS detection for this NP in the late elution region of
the chromatogram. Given that this increase in sensitivity is absent
in ICP-MS detection, the HDC/QELS chromatogram is broader than
is the HDC/ICP-MS one.

Last, and largely due to the peak width differences noted
in the previous paragraph, chromatographic resolution between
the 10nm and 60nm Au NP chromatograms, at 1mLmin!, is
greater by HDC/ICP-MS, where R;=0.49 (see Table 2), than it is by
HDC/QELS, where the R; is only 0.34.

3.4. Quantitation of Au NP recovery in SEC/ICP-MS and
HDC/ICP-MS

As mentioned in the Introduction, the SEC literature on nanopar-
ticles is conspicuous for its general absence of reported column
recovery values [37]. This knowledge gap makes it difficult, if not
impossible, to assess the accuracy of the analyses performed, as
it is unknown how much of the sample was characterized or, if
only a portion of the sample was characterized, whether this por-
tion is representative of the sample as a whole. Here, the use of
on-line ICP-MS detection allowed determination of SEC and HDC
column recoveries. This was done by applying mass fraction cal-
ibration curves constructed with both the 10nm Au NP as well
as with ionic Au, with the mass spectrometer decoupled from the
separation systems, but employing the same flow rates as in the
on-line experiments by flow injection analysis. Details are given in
the Experimental — SEC/ICP-MS section.

To determine whether the NPs have irreversibly sorbed onto
the column packing material, the above-mentioned mass fraction
calibration curves were applied to the on-line ICP-MS data to quan-
titate column recovery. Recovery results for the individual analytes,
by each of the chromatographic methods (SEC and HDC), are given
in Table 3. For SEC at 0.25 mLmin~! (where the best resolution was
obtained among the examined flow rates), the percent recovery
from the columns was determined to be (109+24) % as aver-
aged over all individual analytes. For HDC at 1 mLmin~!, recovery
was (104 +14) % (for both methods, n>2 of each, total n>6). In
both cases, analyses can be considered quantitative, with recov-
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Fig. 4. HDC/QELS chromatograms (black lines) of Au NPs with nominal diameters of A) 10 nm, B) 30 nm, and C) 60 nm. Hydrodynamic radius (Ry) obtained with on-line QELS
is plotted across the peaks in each chromatogram (red squares). Mean radii by off-line QELS (from refs. [48-50] for 10 nm, 30 nm, and 60 nm Au NP, respectively) are plotted
as blue dashed lines with numerical mean given above line, with expanded uncertainties as dotted blue lines; expanded uncertainty from the mean is <0.1 nm for the 10 nm
Au NPs. Off-line QELS analyses were performed at 90° for the 30 nm and 60 nm Au NPs, at 173° (backscatter) for the 10 nm Au NP. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

ery percentages at the very least equaling those reported in recent
HDC/ICP-MS and AF4/ICP-MS publications [20,21,25-27,36,40].

It should also be noted here that the 10nm Au NP vial was
opened some time before the vials of the other samples, allowing
for a higher probability of NP aggregation in this solution than in
the others. Sampling from what remained in this vial after some
time and after several experiments likely meant sampling from
a solution with increased sample concentration due to aggrega-
tion and the “sedimentation” of aggregates toward the bottom of
the vial. This presumed aggregation, previously observed in [72],
would also be responsible for the higher recoveries measured for
the 10 nm Au NP as compared to the other NPs examined, and was
also very recently reported for 10 nm Au NPs by Lépez-Sanz et al.
in reversed phase LC/ICP-MS analysis [73]. Not counting the 10 nm
Au NP, average recovery by SEC at 0.25 mLmin~' is (96 + 16) % and,
by HDC at 1 mLmin~1, (97 £3) %.

4. Conclusions

Size-exclusion chromatography remains the most popular ana-
lytical separation technique for determining the molar mass and
size distributions of macromolecules. To date, with certain notable
exceptions [20,37,72,73-77], this popularity has not extended
to the analysis of nanoparticles, principally because of poor (or
unknown, or unreported) analyte recovery from the SEC columns,
as aresult of irreversible analyte sorption onto the column packing
material (generally, silica or non-functionalized polymeric resins).
SEC, however, presents a promising alternative to currently favored
separation methods such as hydrodynamic chromatography and

asymmetric flow field-flow fractionation, due to the range of par-
ticle and pore sizes and packing materials available for SEC.

Here, we have demonstrated how on-line interfacing of SEC to
ICP-MS allows both for chemical characterization of gold nanopar-
ticles as well as for quantitation of analyte recovery. With proper
formulation of carrier fluid, matched with a corresponding choice
of column packing material, SEC/ICP-MS was shown to be a quan-
titative method by which to characterize Au NPs in the range of
10 nm to 60 nm. The SEC/ICP-MS analyses of individual samples, as
well as of binary and ternary blends, were compared to HDC/ICP-MS
experiments conducted under virtually identical conditions (save
for the non-porous nature of the HDC column packing material,
as compared to the porous SEC columns). Column recoveries in
both types of analysis were complete and at least matched, if not
exceeded, most results reported to date using alternative separa-
tion methods. Not surprisingly, the chromatographic resolution of
SEC proved generally superior to that of HDC, with R, results at sev-
eral flow rates for both techniques agreeing with the kinetic theory
of separations for each method.

Issues remain regarding the stability of the chosen sulfonated
styrene/divinyl benzene SEC columns, especially concerning the
shedding of fines, thus precluding the use of on-line light scatter-
ing detection to determine e.g., the size of the NPs as a continuous
function of their chromatographic elution volume. This obstacle
could potentially be overcome by the use of single particle ICP-
MS [22,23,78,79], an issue which is currently being investigated
in our laboratories. However, given the wealth of information that
can be derived from on-line light scattering detectors of both the
multi-angle static and quasi-elastic varieties, there remains a need
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for more stable SEC columns with this, or related, types of column
packing materials. HDC was not subject to this column shedding
shortcoming and, by the use of HDC/QELS, which measured the
hydrodynamic radius of the Au NPs across the chromatograms, and
by comparison with high quality, well characterized, chemically
homogeneous RMs with a well-defined size range, we were able to
demonstrate close agreement with independently obtained off-line
QELS size data.

We believe the results presented here show the strength and
potential of SEC/ICP-MS, with proper choice of columns and proper
formulation of eluent, as an analytical method for not only Au
NPs, but also for other types of nanoparticles (e.g., silver NPs) and
quantum dots. Once the ability to couple additional molar-mass-
sensitive detectors (e.g., light scattering, viscometry) as part of an
on-line train is realized, this should allow for the characteriza-
tion of NP molar mass, size, shape, and chemistry, continuously
across the chromatograms and in fully quantitative fashion. The
ability to determine these will impact not only fundamental scien-
tific research, but also help tailor the applications of nanoparticles
and help in assessing the environmental impact of these materials.
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Choice of eluent and column packing material in SEC/ICP-MS and HDC/ICP-MS

The main challenges for performing quantitative size-based chromatographic NP separations are
two-fold: First, a mobile phase or carrier fluid must be found in which the NPs remain suspended
but do not aggregate with each other to an appreciable extent (as is the case in polymer science,
temperature is considered an implicit parameter when discussing the mobile phase/carrier fluid).
Second, a combination of mobile phase/carrier fluid and stationary phase must be found wherein
the sample elutes by a predominantly entropic mechanism (solution conformational entropy in
the case of SEC, solution translational entropy in the case of HDC) [1, 2], with minimal

enthalpic contributions to the separation.

It has been shown in various studies that an HDC eluent originally developed by
McGowan and Langhorst for polystyrene (PS) and butadiene copolymer latexes can be
successfully applied to the multi-detector HDC analysis of PS and poly(methyl methacrylate)
latexes as well as to terbium(I1I) chloride nanoparticles with a “cage-like” structure [3-5]. Here, a
variation on this eluent was employed in both the SEC and HDC Au NP separations. Details of
the eluent itself are given in the Experimental — SEC/ICP-MS section. The rationale behind this
seemingly complex eluent is as follows: The non-ionic surfactant Triton X-100 is used to prevent
analyte aggregation in solution, whereas SDS, an anionic surfactant, is employed to prevent
analyte sorption onto the column packing material (more on the choice of material follows
below). Formaldehyde is used for its bactericidal properties, and sodium hydrogen phosphate
helps maintain the slightly basic pH of the separations. A basic pH is needed with the particular
column packing material used, sulfonated styrene/divinyl benzene (for both SEC and HDC

separations, as mentioned earlier), because the sulfonation reaction is reversible at acidic pH. (It



should be noted that very recent results, by Ruiz-Cabello et al. [6], indicate that a basic pH also
helps to maintain a repulsive force between PS particles in aqueous solution). Previous success
employing this column packing material in the above-mentioned multi-detector HDC analyses
led us to hypothesize that, with an appropriately formulated eluent, sulfonated styrene/divinyl
benzene could be a good choice of column packing material for size-based Au NP separations.
Additionally, reports in the literature attest to the sorption of NPs onto both silica-based and non-
functinalized polymeric SEC packing materials [7, 8]. The fact that dilute suspensions of Au NPs
are considered stable (especially as compared to, e.g., aqueous silver NP suspensions, which
typically suffer from changes in size due to dissolution in water related to the release of silver
ions from the NP surface), and that the NPs are both non-functionalized (i.e., do not possess an
organic corona) and can be considered to behave as hard spheres in solution, all indicate that NP

morphology should not be affected by the SEC or HDC separations.

To summarize what was mentioned above, two challenges need to be dealt with, namely
preventing analyte aggregation in solution (or suspension) and preventing analyte sorption onto
the chromatographic column packing. To determine whether or not aggregation has occurred, we
rely on the on-line quasi-elastic light scattering detector. The response of this detector is directly
proportional to the molar mass of the analyte [1, 9]. All things being equal, an aggregate of
particles will have a higher molar mass than will the individual, unaggregated particles. It is this
very feature which makes on-line light scattering detectors ideal for the determination of analyte
aggregation in solution: The separation system separates the aggregated from the unaggregated
particles (in SEC or HDC, the larger aggregates elute earlier than do the unaggregated particles;
the opposite is generally true in AF4 and related separations), while the response from the light

scattering detector indicates whether a particular peak does or does not correspond to an



aggregate [1, 9-12]. In the HDC/QELS analyses, no extraneous peaks other than those of the
analytes appear present nor is there any other indication of analyte aggregation in solution. As
has been already stated, SEC/QELS analyses were not possible with the particular columns
employed. However, given that the chemistry of the HDC and SEC packing materials is identical
and that the same eluent was used in both cases, the conclusions from HDC/QELS should be

inductively applicable to the SEC analyses.

It should be noted that, prior to the experiments with sulfonated styrene/divinyl benzene
columns, we also performed experiments employing SEC columns packed with non-
functionalized styrene/divinyl benzene particles. Employing aqueous eluents consisting,
individually, of 0.02 % NaN3 and of 5 mmol L sodium dodecy! sulfate, either no peaks were
observed or a multiplicity of very small S/N peaks were seen to elute from the columns. The low
S/N, as well as the absence of any peaks, is indicative of column sorption by the analytes, and the
on-line static light scattering detector showed that the earlier eluting peaks in the group resulted

from Au NP aggregation in solution.

HDC/QELS autocorrelation functions

Figure S1 shows the autocorrelation functions, obtained at the apexes of the HDC
chromatograms, for the 10 nm, 30 nm, and 60 nm Au NPs. As can be seen, all autocorrelation
functions are exponential and, in all cases, the R? value between the experimental data and a
single exponential decay function are > 0.997. Where not visible, error bars on experimental data

points are smaller than the data markers themselves.
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Figure S1. QELS autocorrelation functions, for chromatographic slices eluting at the peak
apexes during on-line HDC/QELS experiments. Top: 10 nm Au NP; middle: 30 nm Au NP;
bottom: 60 nm Au NP. Black squares indicate experimental data, with accompanying standard
deviations; where no error bars are shown, standard deviations are smaller than data markers.

Red lines indicates single exponential fits to the data.
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