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Environmental context. The effects of engineered nanoparticles on the environment and on human health are
difficult to evaluate largely because nanoparticles are so difficult to measure. The main problems are that
concentrations are low and the engineered nanoparticles are often difficult to distinguish from the environ-
mental matrices in which they are found. We report a separation technique that facilitates the detection of
engineered nanoparticles in natural waters.

Abstract. Few analytical techniques are presently able to detect and quantify engineered nanoparticles (ENPs) in the
environment. The major challenges result from the complex matrices of environmental samples and the low concentra-
tions at which the ENPs are expected to be found. Separation techniques such as asymmetric flow field flow fractionation
(AF4) and more recently, hydrodynamic chromatography (HDC) have been used to partly resolve ENPs from their
complex environmental matrices. In this paper, HDC was first coupled to light scattering detectors in order to develop a
method that would allow the separation and detection of ENPs spiked into a natural water. Size fractionated samples were
characterised using off-line detectors including analytical ultracentrifugation (AUC), dynamic light scattering (DLS) and
single particle inductively coupled plasma mass spectrometry (SP-ICP-MS). HDC was able to separate a complex mixture
of polystyrene, silver and gold nanoparticles (radii of 60, 40, 20 and 10 nm) contained within a river water matrix.
Furthermore, the feasibility of using HDC coupled to SP-ICP-MS was demonstrated by detecting 4 ugL ™" of a 20-nm

(radius) nAg in a river water sample.
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Introduction

Engineered nanoparticles (ENPs) represent a diverse group of
manmade materials that have at least one dimension in the
1-100 nm size range. Owing to their nanoscale sizes, they have a
large proportion of their atoms on the particle surface, often
resulting in significant differences in their reactivity with
respect to either the bulk materials or the dissolved ions.!'" ENPs
such as carbon nanotubes, silver nanoparticles, quantum dots
and metal oxides can now be found in thousands of commer-
cial products (Project on Emerging Nanotechnologies, see
http://www.nanotechproject.org/cpi, accessed 6 June 2014).
Owing to the growing and widespread use of ENPs, their
impacts on the environment and on human health are growing
concerns; however, environmental risk is poorly known!”)
mainly because of the difficulties involved with quantifying
exposure concentrations. Several groups have used regional-
scale flow analyses to evaluate ENP loading to the environment
and these studies have suggested that for nano silver (nAg), nano
titanium dioxide (nTiO,) and nano zinc oxide (nZnO), current
levels in the environment may already pose risks to aquatic
organisms.”) Nonetheless, modelling studies generally do not
take into account transformations to the ENPs, including their
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removal by sedimentation or by dissolution. Indeed, only a few
studies have attempted, with limited success, to detect ENPs in
the environment (e.g. Tiede et al.,'*>) Domingos et al.,'*! Kaegi
et al.'”) and Weinberg et al.(*]).

Sensitive and robust techniques are thus urgently required to
detect, characterise and quantify ENPs in natural samples. Key
requirements include the ability to distinguish ENPs from the
complex environmental matrices in which they are found and
assurance that the technique itself does not induce dissolution,
aggregation or agglomeration. To that end, several groups have
coupled asymmetric flow field flow fractionation (AF4) ' to
various detectors, including inductively coupled plasma mass
spectrometry (ICP-MS). The use of other promising techniques
such as hydrodynamic chromatography (HDC) has been some-
what limited.®! Like AF4, HDC separates particles on the
basis of the particles’ diffusion coefficients, which are inversely
related to their hydrodynamic diameters through the Stokes—
Einstein equation.!'>'*1 In HDC, the stationary phase is a packed
bed of non-porous and non-coated silica spheres that have been
developed in order to minimise interactions with the sample.
The column void volume can be considered to be a network of
flow channels or capillaries in which a parabolic flow profile is
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Table 1. Nanoparticles employed for the optimisation of the hydrodynamic chromatography column
Engineered Nominal Additional information
nanoparticle radius
(ENP) (nm)
Polystyrene (nPS) 12 FluoSpheres Life Technologies, yellow-green fluorescence (Ao = 505 nm, A, = 515 nm), aldehyde-sulfate

coated, 2 % solids, contains 2mM sodium azide; concentration of the stock solution was 100 mg L.

Bangs Laboratories Inc., 1 % solids, NIST traceable particle size standards. Concentrations of the stock

solutions were 100, 100, 200, 100 and 100 mg L' respective to the five particle sizes.

Bangs Laboratories Inc., 1 % solids, fluorescence due to confocal envy green (Aex = 525 nm, A, = 565 nm).

Concentrations of the stock solutions were 100 and 50mgL .

nPS 20, 21.5,27, 40, 60
nPS 25,30

Gold (nAu) 10

Silver (nAg) 20

nAg 20

Ted Pella Inc., PELCO NanoXact tannic acid capped, ENP stock solution was 50 mgL~".
Sigma—Aldrich, citrate stabilised, ENP stock solution was 20mgL~".
NanoComposix, citrate stabilised NanoXact Ag, ENP stock solution was 20 mgL ™.

established. In this manner, larger particles that cannot reach the
surface of the beads are eluted faster'*! in a separation process
that is, in principle, independent of particle density or particle
composition.”! Minimal sample preparation is required and in
theory, minimal sample perturbation occurs during the passage
of the sample through the HDC column.!'? As with AF4, it is
possible to couple HDC to multiple detection techniques.
Nonetheless, AF4 generally requires both greater technical
expertise and longer run times and it can be limited by artefacts
that occur due to interactions of the sample with the AF4 channel
membrane.!'>'¥ Although only a few research groups have
examined ENP detection using HDC, Tiede et al.l*! convin-
cingly showed that HDC coupled to ICP-MS could be used to
separate gold and silver nanoparticles from their dissolved
ions 1+3-121

In this study, we have tested the hydrodynamic separation of
several ENP size standards: gold (nAu), polystyrene (nPS) and
silver (nAg) nanoparticles and their mixtures. Initially, techni-
ques were optimised at environmentally high concentrations (2—
100 mg L™") in order to use the available on-line detectors (static
(SLS) and dynamic light scattering (DLS)), which provide direct
information on the radii of gyration (R,) and the hydrodynamic
radii (Ry,) of the ENPs. Once the experimental parameters were
well defined for the elution, off-line detection of HDC fractions
were realised using DLS, analytical ultracentrifugation
(AUC™ ')y and single particle inductively coupled plasma
mass spectrometry (SP-ICP-MS!'®!?)) at lower ENP concen-
trations (200 pg L' to 3 mg L™ for DLS and AUC and 0.1—
2.0 pg L™ for SP-ICP-MS). Finally, the direct coupling of the
HDC column to SP-ICP-MS allowed the direct detection and
characterisation of a nanosilver particle that was spiked into a
river water sample at the environmentally relevant concen-
tration of 4 ug L™". The paper will demonstrate some of the
advantages and disadvantages of using HDC for the separation
of ENP in natural waters.

Experimental section
Reagents

Allreagents were prepared in Milli-Q water (Millipore, Billerica,
MA, USA, R > 18 MQ cm, organic carbon < 2 pg L™ "). Sodium
nitrate (Fluka, Basel, Switzerland, >99 %) was used to adjust
the ionic strength of the eluent whereas sodium hydroxide
(Sigma—Aldrich, SigmaUltra, St Louis, MO, USA) and nitric
acid (Fisher Scientific, TraceSELECT Ultra, Waltham, MA
USA) were used to adjust its pH. Sodium dodecyl sulfate (SDS,
G-Biosciences, Biotechnology grade, St Louis, MO) and Triton
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X-100 (Sigma Triton X-100 solution BioUltra) were respectively
added to the eluent as anionic and non-ionic surfactants. Except
when specified, an eluent of 1 mM NaNOs, 0.0013 % w/w SDS,
0.0013 % w/w Triton X-100 at a pH of 7.5 (£0.2) was used (the
motivation for this eluent composition has been provided in the
Supplementary material, Table S1). Sodium azide (0.02 % w/w,
Fisher Scientific) was added to solutions that were used to rinse
the HDC column at the end of each experiment. Several types of
nanoparticles (nPS, nAg, nAu) were used during the column
optimisation (Table 1) and in order to evaluate the role of ENP
composition on retention times. Samples were filtered over a
0.45-um membrane (Millipore) in order to remove large aggre-
gates and dust particles, before their injection into the HDC.

Hydrodynamic chromatography

The HDC column was a PL-PSDA cartridge, type 1 column with
a separation range of 5 to 300 nm, a length of 80 cm and an
internal diameter of 7.5 mm (Agilent Technologies Canada Inc.,
Mississauga, ON, Canada). An Agilent 1260 Infinity Bio-inert
Quaternary HPLC fitted with an Agilent 1260 Infinity Standard
Autosampler (Agilent) was used for the separations. A Dawn
Heleos II detector (Wyatt Technologies, Santa Barbara, CA,
USA) was employed to acquire the on-line SLS and DLS data.
On-line DLS data reported in this paper were acquired at a
scattering angle of 99°. Translational diffusion coefficients of
the ENPs were determined from the exponential decay of an
autocorrelation function, which was then used to calculate their
hydrodynamic radii (R;,) based upon the Stokes—Einstein
equation. In SLS, the particle’s radius of gyration is determined
from the angular dependence of the scattered light (18 angles
measured). For a spherical particle, the R, is theoretically related
to its hydrodynamic radius by Réz (3/5)R}. For the particles
studied here (radii of 10-60 nm), a linear order Zimm fit model
was used to analyse the SLS data. For nAu and nAg, the dif-
ference between their refractive indices and that of water was
too high to allow the angular dependence of the scattered light to
be used to determine the R,. Moreover, owing to the absence of a
dependency of the scattered light on scattering angle, R, could
not be obtained for particles with radii below 10—15nm.

All tubing was made of inert materials. An injection volume
of 20 uL was employed as a compromise to obtain optimal
sensitivity, peak widths and retention times (Supplementary
material, Fig. S1) using a flow rate of 1.00 mL min~' and a
pressure of ~78 bar. pH measurements were made using a 744
Metroohm pH-meter (Metrohm, Riverview, FL, USA). An
Infinity 1260 analytical scale fraction collector (Agilent
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Engineered nanoparticle (ENP) radii given by the manufacturer (nm) and measured radii obtained from static (SLS) and dynamic light

scattering (DLS), analytical ultracentrifugation (AUC) and single particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
On-line measurements were made after passage of a single particle standard through the hydrodynamic chromatography (HDC) column, whereas off-line
measurements refer to direct injections of particle standards into the detector. Standard deviations are given for all measurements, n =3. BDL, below the

particle size detection limits of the instrument; NP, not possible; ND, not determined; R, radius; R, radius of gyration; Ry,, hydrodynamic radius

Nanoparticle types Manufacturer’s On-line On-line Off-line Off-line Off-line

radius SLS (R,) DLS (Ry,) DLS (Ry) AUC (R) SP-ICP-MS (R)
nAu 10 BDL 11.9+0.1 11.1£0.1 8.0+2.9 BDL
nAg (NanoComposix) 20 BDL 245+£09 20.3£0.1 ND 19.6 +£0.3*
nAg (Sigma) 20 BDL 21.9+04 23.14+0.3 ND 19.740.3%
Polystyrene (nPS) 12 BDL 15.6+0.1 19.0+0.1 12.1+2.1 NP

20 17.3+04 22.04+0.2 241474 ND NP

21.5 172+£04 223£0.2 19.8+1.7 16.6 £2.8 NP

25 234404 25.84+0.3 28.6+6.0 245429 NP

27 232403 23.64+0.3 26.5+6.5 ND NP

30 332404 31.5+£0.6 37.84+0.9 ND NP

40 41.8+0.3 37.7+£0.7 452408 36.2+6.1 NP

60 66.9+0.3 49.1+1.5 63.2+1.0 ND NP

“nAg concentrations used for SP ICP-MS were 0.1 pgL ™"

Technologies Canada) was used to collect sample fractions for
off-line analysis. Numerous calibration curves were prepared by
analysing spiked nanoparticles in Milli-Q water and both blanks
and standards were run frequently (before and after each batch
of experiments) in order to monitor the analytical performance
of the instruments.

Off-line particle characterisation

Data were also acquired from several off-line detectors,
including an AUC, a second DLS instrument (Mobius, Wyatt
Technologies, scattering angle of 171.5°) and an inductively
coupled plasma mass spectrometer (PerkinElmer NexION
300X, Mississauga, ON, Canada) run mainly in single particle
mode. AUC (Beckman Coulter, ProteomeLab XL-1, Indiana-
polis, IN, USA) was carried out by performing 100 to 150
interference scans (655 nm) per sample using a centrifugation
speed of 5000 to 10000 rpm (~1800-7300g) at 20 °C. Radii
obtained from the AUC are sedimentation based radii (Stokes’
radii) that can be determined from Stokes’ law using known
particle densities.

SP-ICP-MS experiments were carried out on triplicate sam-
ples using the following data acquisition parameters: 1 sweep
per read; 20 000 reads per replicate; settling time of 0.1 ms and a
dwell time of 3 ms. Nebulisation efficiency was determined
from the sample flow rate (0.5 mL min~") and the concentration
(100 ng L"), size (R,=30nm) and density of the nAu
(19320kgm ) by analysing a standard solution of nAu with
a known concentration.*”! The particle number concentration
was obtained from the frequency of detected pulses and the
calculated nebulisation efficiency.”?!** Diluted suspensions
were employed so that, statistically speaking, only single
particles reached the mass spectrometer during any given
measurement (dwell) time.**! For example, sample fractions
(75 pL) collected from the HDC column were generally diluted
by a factor of 100 before SP-ICP-MS analysis (an additional
dilution of ~500 occurred during ENP elution in the HDC
column). A threshold limit of three standard deviations (3G)
above the background signal was set in order to discriminate
between dissolved metal and pulses due to the ENPs.[2!-23:24]

Means and standard deviations were determined from tripli-
cate measurements. An analysis of variance was performed at
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P=0.05 and where applicable, significant differences were
identified using the Student-Newman—Keuls test, also at
P =0.05. Although all separations were run in triplicate, only
a single representative chromatogram has been presented.

Results and discussion
ENP size determinations

Where possible, the manufacturer’s particle dimensions were
verified for each of the ENP standards using SLS, DLS, AUC
and SP-ICP-MS (Table 2). For SLS and DLS, radii were
obtained from on-line measurements on diluted samples
(~500x due to elution through the HDC column). AUC, DLS
and SP-ICP-MS were performed off-line on standards (con-
centrations provided in Table 1) that did not pass through the
HDC column (samples diluted to 0.1 pgL~" for SP-ICP-MS).
It must be emphasised that each of the detection techniques
relies on different fundamental principles and provides slightly
different values of radii (e.g. Ry, Rp, sedimentation or mass
based R) such that results cannot be directly compared.'! For
example, when using DLS or SLS, radii (R}, or R,) were often
slightly larger than the radii provided by the manufacturer. In
the literature, this effect is generally attributed to sample
polydispersity because large particles will scatter much
more light than smaller ones. Although this explanation may
be valid for the offline DLS,!" it is unlikely to be the unique
explanation for the samples measured post-column (on line),
where an important decrease in their polydispersity is expected
because of their passage through the HDC column. AUC
results gave (sedimentation) radii that were generally very
close to the manufacturer’s radii. In that case, a small under-
estimation of particle sizes may have been due to an over-
estimation of the particle densities used to estimate particle
sizes in the Stokes’ law calculations. Indeed, particle densities
based upon the ENP core material were used without taking
into account the outer shell stabilisers, which could result in a
lower overall density and thus a larger calculated radius.!*!
Finally, only metal based ENPs with radii >10-20 nm can be
detected by SP-ICP-MS. For the nAg, the physical sizes
determined by SP-ICP-MS were very close to the manu-
facturers’ nominal sizes.
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Table 3. Polydispersity of the engineered nanoparticle (ENP) stan-
dards after elution through the hydrodynamic chromatography column
Asymmetry factors correspond to the ratio of the back half-width of the peak
to the front half-width of the peak at its 10 % maximal intensity. Poly-
dispersities are calculated from the off-line dynamic light scattering (DLS)
(standard deviation, o, divided by the mean hydrodynamic radii, Ry,)

Nanoparticles Manufacturer’s Polydispersity ~ Asymmetry
radius index factor F,

nAu 10 0.154+0.02 2.00+0.05

nAg 20 0.05+0.01 0.77+0.09

(NanoComposix)

nAg (Sigma) 20 0.06+0.01 0.524+0.03

nPS 10 0.0540.01 0.6840.04
20 0.09+0.01 1.194+0.07
21.5 0.0140.00 1.23+£0.06
25 0.044+0.01 1.13+0.05
27 0.0640.01 1.21+£0.06
30 0.06+0.01 1.08 +£0.03
40 0.02£0.01 1.35£0.03
60 0.0040.00 1.33+0.06

Chromatographic evaluation of the ENP standards

Particle standards were first run individually. Visual analysis of
the chromatographs (Supplementary material, Fig. S2) showed
that peaks were symmetrical and narrow. Because only a single
peak was obtained in each case, this is again strong evidence that
the ENP standards were monodisperse, even after transport
through the HDC column. Indeed, asymmetry factors (F),)
corresponding to the ratio of the back half-width of the peak
to the front half-width of the peak taken at 10% maximal
intensity[26’27] were calculated (Table 3). Peak symmetries are
considered to be excellent when they are between 0.95 and 1.05,
and acceptable when in the ranges of 0.8-0.95 or 1.05-1.20.
Polydispersity indices (standard deviation + mean) that were
obtained with the off-line DLS measurements were also pro-
vided. The data showed that the nAu was the least monodisperse
of the ENPs. In addition to its intrinsic polydispersity, the larger
asymmetry factor may have been due to its small nominal size,
which results in slightly longer elution times. Nevertheless, it is
possible to conclude that the standards were initially all very
monodisperse and that they were able to pass through the
column with relatively few interactions with the HDC stationary
phase.

Column calibration

Calibration curves were prepared from the measured retention
times and the measured hydrodynamic radii (on-line DLS) for
the nPS (Fig. 1). An excellent polynomial fit of the experimental
data was obtained over the size range of 20-80 nm (R* = 0.98).
The observed, non-linear relationship between the retention
times and hydrodynamic radii is predicted by theory and
because of the fact that the velocity profile of the eluent in the
column is not flat but parabolic.!”**! Retention times were
extremely reproducible from one day to another (coefficient of
variation of 0.10 %, n = 30).

Addition of the nAg and the nAu data to the nPS calibration
curve (Fig. 1) weakened the R* (0.91 as opposed to 0.98). Note,
however, that when the manufacturers’ radii were employed for
the calibration (Supplementary material, Fig. S3), the coeffi-
cients of determination were excellent, increasing to 0.98 and
0.97 when plotted against the respective retention times of the
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Fig. 1. Calibration curve based on the nanopolystyrene (nPS) (black
points), nAu (red point) and nAg (pink points) standards. The curve was
prepared based upon the measured hydrodynamic radii of the standards
(solid line, nPS only; dotted line, all engineered nanoparticles (ENPs)).
A similar curve using the nominal radii provided by the manufacturers is
provided in Fig. S3.

nPS and of all of the ENPs. The small decrease in the coefficient
of determination that was observed when nAu and nAg were
included likely resulted from the additional experimental error
due to their DLS measurements. Indeed, it can be more difficult
to measure the sizes of nAg and nAu as compared to nPS given
that they are slightly more prone to dissolution or agglomera-
tion. Light scattering measurements of the nAg gave radii that
were slightly larger than nominal radii (Table 2) (and the other
analytical techniques). The above data suggest that it may be
necessary to use both retention times and independent particle
sizing techniques (e.g. DLS, SLS and SP-ICP-MS) in order to
get accurate determinations of ENP sizes.

Reproducibility analysis

Retention times and sizes were measured for 2mgL ™" nAg
samples (NanoComposix) at three different pH values over 18
days. No buffer was used, however pH measurements were
verified before and after each experiment. The reproducibility of
the retention times and the signal intensities are indicated by the
standard deviations of repeated measurements whereas the Ry,
values provide an indicator of the consistency of the light
scattering detector over time. Overall, retention times and par-
ticle radii were fairly constant, although at the longest equili-
bration times, a slight increase in retention times may have
occurred, consistent with a measured decrease in R}, (Table 4).
Given the general overall consistency in the analytical signals, it
appears that a slight dissolution of the nAg was occurring
(ENP sizes determined by DLS decreased slightly with time;
Student—-Newman—Keuls, P <<0.05), rather than there being
any significant decrease in column reproducibility over time
(=18 days).

Role of sample concentration

The effect of ENP concentration on retention times, signal
intensities and radii was also verified (Table 5). For con-
centrations between 5 and 500 mg L', signal intensity
increased with ENP concentration, with relatively good corre-
lation coefficients (R2 =0.86, nAu; R>=0.98, nAg; R*=10.99,
nPS). As above, no significant differences in retention times



K. Proulx and K. J. Wilkinson

Table4. Effect of the sample pH and time on retention times and hydrodynamic radii (Ry,) determined for 2 mg L ™"
of citrate coated nAg (NanoComposix, nominal radius of 20 nm)
Superscripted letters for a given pH value refer to significant differences obtained by the Student—-Newman—Keuls test at
P < 0.05. HDC, hydrodynamic chromatography; R, radius

Analysis day Sample pH Retention time (min) HDC R (nm) Ry, (nm) Signal intensity (V)
t 6.1 12.9540.02 198+1.5 30.6 £ 0.4° 0.334+0.01
t+1 12.96 £0.05 19.3+32 30.0£0.3" 0.304+0.05
t+4 12.92 £0.01 21.8+04 28.6+0.3" 0.294+0.04
t+10 12.96 £0.03 193£19 28.840.6° 0.354+0.04
t+18 12.96 +0.04 193+£2.7 26.6+0.6° 0.34+0.04
t 7.0 12.93£0.01 21.1+0.8 35.0+0.5° 0.314+0.04
t+1 12.93 £0.03 21.1£22 35.6+0.4° 0.314+0.04
t+4 12.93 £0.01 21.1£0.8 312+40.3° 0.324+0.04
t+10 12.94£0.02 205+1.2 26.9 £0.6° 0.36+0.04
t+18 12.95+£0.03 19.8+£1.9 28.8 4+ 0.6° 0.354+0.05
t 8.2 12.96 +0.01 19.34+0.7 31.5+0.3" 0.304+0.04
t+1 12.93+£0.03 21,1422 30.3+0.3° 0.304+0.05
t+4 12.94£0.02 204+1.2 28.9+0.3° 0.314+0.04
t+10 12.96 £0.02 193+£15 29.1+£0.6° 0.334+0.06
t+18 12.95+£0.02 19.8£1.5 28.0 4 0.6° 0.334+0.08

Table 5. Effects of engineered nanoparticle (ENP) concentration on hydrodynamic chromatography (HDC)
retention times and particle radii determined by light scattering

Superscripted letters for a given ENP refer to significant differences obtained by the Student-Newman—Keuls test at
P <0.05. R, radius; R,, radius of gyration; Ry, hydrodynamic radius

ENP (radii) Concentration (mgL~") Retention time (min) HDC R (nm) R, (nm) Ry (nm)  Signal intensity (V)
nAu (10 nm) 50 13.194+0.03 13.7+0.1 - 15.8+1.1* 0.214+0.03
25 13.17£0.01 13.6+£0.1 - 13.340.1° 0.18£0.03
5 13.164+0.03 13.64+0.2 - 13.74£0.2° 0.0740.01
nAg (20 nm) 20 12.88£0.03 245+£2.1 - 20.1+0.8* 3.16 £0.06
10 12.874+0.05 252434 - 223+0.5° 1.49+0.16
5 12.874+0.01 252405 - 24.0 £0.3¢ 0.67+0.03
nPS (40 nm) 500 - - - - saturation (>10V)
250 12.67£0.02 48.0+23 434+03 362+0.7* 5.76 +£0.36
100 12.68+0.01 469408 434403 39.04+0.5" 2.27+0.07
50 12.69£0.01 447+1.5 429403 40.7+04° 1.13£0.07
25 12.69+0.01 458408 429403 41.8+0.4¢ 0.64+0.01
10 12.69£0.03 458+4.1 42.1+03 46.0+04° 0.23£0.01
ENP mixtures

or HDC radii were observed with increasing concentration
(one-way analysis of variance, ANOVA, P > 0.05), although an
increase in the hydrodynamic radii was observed by DLS (nAg
and nPS, Student-Newman—Keuls, P <0.05). This result, in
addition to the reproducibility analysis (above), indicated that
light scattering was probably a more sensitive indicator of par-
ticle size changes than were retention times. Nevertheless, the
observed trends in particle size with concentration were not
consistent among the different particle types (cf. nAu and nAg)
nor was there an obvious explanation for the observed decrease
in particle size with increasing particle concentration (nAg,
nPS). It is likely that the differences were due to data quality
with increasing signal to noise; however, the relationship is not
straightforward given that signal intensity depends on both
particle size and particle composition. For the on-line light
scattering detector, it was important to have an analytical signal
that was substantially greater than the detector noise of ~0.02 V.
However, whereas higher concentrations give a better signal to
noise, the potential for ENP agglomeration also increases.
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HDC and other size exclusion chromatographies do not have the
same resolving capability as other chromatographic techniques.
For example, it was not possible to completely resolve a 60-nm
nPS from a 20-nm nAg (Fig. 2), although this may have been
partly due to the high concentrations that were required to get
good signal to noise from the light scattering detectors. At lower,
more environmentally relevant concentrations, greater resolu-
tion of the ENPs may have been possible, because at the lower
concentrations, less co-elution should occur due to the smaller
peak widths.

The ability of the HDC to separate ENP mixtures of different
types and sizes was further evaluated. First, 10 mg L' of each of
four different ENPs were mixed and separated (Table 6a).
Clearly, resolution of the four particle types was difficult to
obtain; nAg showed the highest light scattering intensity,
followed by nAu and then the two nPS. Particle size was also
critical with the larger particles scattering more light than the
smaller ones, which may explain the poor agreement between
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the nominal sizes and the Ry, determined for the nAu and the nAg
in Table 6a. The fact that the peaks were not clearly distinguish-
able (just enough to be able to observe four maximum intensities
for the four ENP retention times) limited the ability of the DLS
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Fig. 2. Chromatogram of a mixture of 10mgL ™' nAg (NanoComposix,
nominal radius of 20 nm) and 30 mg L™' of a nanopolystyrene (nPS)
(Bangs, nominal radius of 60 nm).

detector to determine particle radii. Clearly, the ability to
resolve different particle sizes and compositions will depend
greatly on the size and nature of the ENPs, the number of
components and the sample matrix. When concentrations of the
ENPs in the mixtures were varied in order to obtain similar
peak intensities, more individual components could be resolved
(Table 6b, c).

Fractions that were collected after the separation of two of
the ENP mixtures (i.e. mixtures corresponding to Fig. 2 and
Table 6b) were also analysed using the off-line detectors. In
general, both the on-line and off-line light scattering confirmed
that the separation of the ENP mixtures was occurring, as
expected, in the order of decreasing particle size (Table S2,
Table 7). Radii obtained using both the off-line and on-line DLS
decreased with time, in agreement with HDC separation prin-
ciples and in reasonable agreement with the calibration curve
that was obtained for the individual particle standards (Fig. 1).
SP-ICP-MS data were also consistent with those determined by
DLS and retention times. Size distributions corresponding to the

Table 6. Roles of engineered nanoparticle (ENP) concentrations, particle types and particle sizes on the separation and measured radii (determined
from retention times, radius of gyration, R,, and hydrodynamic radius, Ry,) obtained for a four particle mixture
Superscripted letters for a given ENP refer to significant differences obtained by the Student-Newman—Keuls test at P < 0.05: HDC, hydrodynamic
chromatography; R, radius

ENP mixture Concentration ~ Retention HDC R R, Signal
(mgL™ l) time (nm) (nm) (nm) intensity
(min) V)
(a) nAulOnm 10 13.10+£0.05 14.0£0.1 - 229+0.3" 0.74+0.11 2.0
nAg20nm 10 12.96 £0.05 19.5+£3.9 - 27.84+0.6° 1.56+0.08
nPS 40 nm 10 1271 4£0.02 425432 323403 38.0+£137 0.41+0.04 < 1.6
nPS 60 nm 10 12514003 75.1+£54 587403 64.14+09" 0214002 = S
B 1.2 3
c Se
2 o3
€ 08 -]
©
c
2 0.4 1
2]
0 )
10 11 12 13 14 15
Time (min)
(b) nAul10nm 29 13.144+0.01 13.7+0.1 - 14940.2° 0.31£0.05 0.8
nAg20nm 2 12.94+£0.02 20.5+£1.2 - 21.5403% 0.39+0.02 R
nPS 40 nm 14 12.68£0.01 46.9+1.1 462+03 28.5+0.5% 0.4340.05 = 0.6 5
nPS 60 nm 6 12.51+£0.01 73.6+1.5 63.04+03 60.2+0.7" 0.67+0.05 %’ °
c °
o 04 .
g° :
T :
En 0.2
7]
0 —
10 11 12 13 14 15
Time (min)
(¢) nAul0nm 30 13.14£0.02 13.7£0.0 - 14.6+0.1° 0.20+£0.03 0.3
nAg20nm 1 12.89+0.03 239+24 - 32.240.3° 0.22+0.05
nPS 40 nm 8 12.674+0.05 48.0+6.1 37.6+0.3 30.2+0.6° 0.19+0.02 E
nPS 60 nm 3 12.53£0.01 70.74+2.1 542+0.1 69.9+1.1' 0.094+0.01 > (o *
e [
5] i
2 i¥
T 0.1
2
w
0 : : : :
10 11 12 13 14 15

Time (min)




SP-ICP-MS data in Table 7 are provided in the Supplementary
material (Fig. S3).

Analysis of a spiked natural river water sample

One of the major difficulties with detecting ENPs in natural
waters results from the concomitant presence of natural

Table 7. Separation of an engineered nanoparticle (ENP) mixture
(composition corresponding to Table 6b) and fraction characterisation
using off-line detectors
Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
data were determined from the Ag signal, when Ag was above detection
limits. On-line dynamic light scattering (DLS) data are provided only for the
signals of maximum scattering intensity (for which the signal to noise ratio
was high). R, radius; Ry, hydrodynamic radii

Fraction Retention SP-ICP-MS DLS off-line DLS on-line

number time R (nm) Ry, (nm) Ry, (nm)
(min)

1 12.0-12.1 61.2+3.7

2 12.1-12.2 54.5+4.7

3 12.2-12.3 60.6 +3.6

4 12.3-12.4 51.0+2.7 59.1+0.7

5 12.4-12.5 54.74+0.3

6 12.5-12.6 542+1.1 52.1+0.6

7 12.6-12.7 419+1.6

8 12.7-12.8 293+1.7

9 12.8-12.9 26.1+0.2 32.8+54 22.6+0.3

10 12.9-13.0 30.4+0.2 241+14

11 13.0-13.1 27.7+£0.2 21.1+4.38 13.240.2

12 13.1-13.2 24.7+0.1 42.9+29.5

13 13.2-13.3 13.7+2.2

14 13.3-134 12.6+1.8

15 13.4-13.5 18.4+3.6

16 13.5-13.6 21.8+6.7

17 13.6-13.7

18 13.7-13.8

19 13.8-13.9

20 13.9-14.0

K. Proulx and K. J. Wilkinson

nanoparticles, including fulvic and humic acids (~2-5 nm!*T)

and natural colloids.”® Furthermore, repartitioning of the ENPs
may occur due to dissolution and agglomeration, among other
processes.!”*! In this context, the observation of Ag in the
1-100-nm size fraction can be due to the real presence of nAg
or due to the adsorption or precipitation of Agt or nAg in the
colloidal size fraction.!”*! Similarly, dissolved Ag determined
by SP-ICP-MS refers to Ag™ but also to any Ag complexes or Ag
nanoparticles with diameters smaller than those that can be
distinguished as ENPs (~20 nm using the method described
above).[2331:32]

HDC was used for the separation and detection of the four
ENP mixtures (as per Table 6b) and the nAg—nPS mixture (as
per Fig. 2) that were spiked into a natural water sample (0.45-um
filtered water taken from the Ste Rose River in Laval, QC, on 24
September 2013). The resulting HDC separations are presented
in Tables 8 and 9. Once again, SP-ICP-MS data were obtained
for the nAg; calculated SP-ICP-MS size distributions are pro-
vided in Figs S4 and S5. The control chromatogram (without the
addition of ENPs) is presented in Fig. S6. The fractions collected
after the separation of the spiked ENPs were analysed using off-
line detection.

In the river water matrix, the HDC column was indeed able
to acceptably separate both of the spiked ENP mixtures
(Tables 8, 9). Indeed, both retention times (12.7 to 13.1 min)
and off-line radii measurements (SP-ICP-MS, AUC) were
similar to those detected in Milli-Q water and during the
column calibration. The observation that the radii of nAg were
in the range of their nominal sizes and their similarity to the
results obtained in Milli-Q water suggested that little or no
particle transformation (such as dissolution or agglomeration)
was occurring in the natural water. Nonetheless, both on-line
and off-line DLS gave radii that were larger than both the
nominal particle sizes and sizes obtained by SP-ICP-MS and
AUC (fractions 8—11, Tables 8, 9). Because the polydispersity
of the sample fractions is reduced following their passage
through the HDC column, it is likely that the differences can be
attributed to either the different nature of the measurements

Table 8. Separation of an engineered nanoparticle (ENP) mixture of 10 mg L' nAg (NanoComposix, nominal radius of 20 nm) and 30 mg L ™" of
nanopolystyrene (nPS, Bangs, nominal radius of 60 nm) (cf. Fig. 2) spiked into a natural water
Fraction characterisation was performed using analytical ultracentrifugation (AUC), single particle inductively coupled plasma mass spectrometry (SP-ICP-
MS) (Ag) and dynamic light scattering (DLS) (off-line and on-line). The chromatogram is shown below the table (the pale line reproduces the same mixture
spiked in Milli-Q water). R, radius; Ry, hydrodynamic radii

Fraction Retention AUC R (nm) SP-ICP-MS DLS off-line DLS on-line

number time (min) R (nm) Ry, (nm) R}, (nm)

1 12.0-12.1 67.0+7.4

2 12.1-122 65.946.6 501

3 12.2-12.3 619432 S 40 -

4 12.3-12.4 57.8+6.4 56.540.9 2

5 12.4-12.5 64.1+£4.7 50.7+1.1 g 301

6 12.5-12.6 56.2+7.4 60.9+0.8 2

7 12.6-12.7 58.6+6.7 5 20

8 12.7-12.8 20.1+0.7 59.5+17.0 5

9 12.8-12.9 20.740.1 20.740.6 363+6.1 33.64+04 D 1.0

10 12.9-13.0 21.040.1 24.744.1 33.8+14.1 30.4+0.4

11 13.0-13.1 20.840.1 22.0+1.0 31.0£11.5 0 ;
12 13.1-13.2 291472 10 " 12 13 14 15
13 13.2-13.3 46.0+52 Time (min)
14 13.3-13.4 38.7+£10.5

15 13.4-135 451458
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Table 9. Separation of an engineered nanoparticle (ENP) mixture (29 mg L™ of 10 nm nAu, 2 mg L™" of 20 nm nAg, 40 mg L™" of 40 nm nano-
polystyrene (nPS) and 6 mg L™" of 60 nm nPS) (cf. Table 6b) spiked into a natural water

Fraction characterisation was performed using analytical ultracentrifugation (AUC), single particle inductively coupled plasma mass spectrometry (SP-ICP-

MS) (Ag signal) and dynamic light scattering (DLS) (on-line and off-line). The chromatogram is shown below the table (the pale line reproduces the same

mixture spiked in Milli-Q water). R, radius; R}, hydrodynamic radii

Fraction number Retention AUC SP-ICP-MS DLS off-line DLS on-line
time (min) R (nm)' R (nm) Ry, (nm) Ry, (nm)
1 12.0-12.1 0.8
2 12.1-12.2
3 12.2-123 51.1+12.4 S s
4 12.3-12.4 46.6+7.0 >
5 12.4-12.5 455+16.5 51.440.8 @
6 12.5-12.6 429+7.9 41.8+£0.7 L o4
7 12.6-12.7 4024119 = 1]
8 12.7-12.8  17.9+0.1 20.3+£0.2 44.1+16.1 294+04 S o2
9 12.8-129  17.3+0.1 20.9+0.1 30.6+7.9 %)
10 12.9-13.0 20.5+0.1 26.6+4.6 |
11 13.0-13.1 193+0.1 25.0+10.8 21.8+0.4 0
12 13.1-13.2 19.2+8.9 " 12 13 14
13 13.2-13.3 13.0+3.8 Time (min)
14 13.3-13.4 254+16.9
15 13.4-13.5 34.1+6.0
16 13.5-13.6 19.1+£9.9
17 13.6-13.7 343+6.1
18 13.7-13.8 37.1+63
19 13.8-13.9
20 13.9-14.0

(DLS, Ry,; AUC, sedimentation R; SP-ICP-MS, physical radius
of Ag atoms) or to the simplifying calculations used to
calculate R (AUC and SP-ICP-MS did not include the citrate
stabiliser or the adsorbed natural organic matter in either the
density (AUC) or the mass (SP-ICP-MS) calculations). Given
the difficulties involved with ENP size determinations, espe-
cially using such small (~75 pL) fraction volumes, it would be
speculative to attempt to draw any firmer conclusions based
upon the available data.

As expected, additional peaks were observed for the
chromatograms that were acquired in the natural waters as
compared to those obtained in Milli-Q water and it is highly
likely that these peaks corresponded to natural colloidal
particles. Peaks were also clearly identified in the control
chromatograms (e.g. river water with no added ENP, Fig. S6).
Although the presence of natural colloids has the ability to
mask the ENP signal for non-specific detectors such as DLS or
AUC, the HDC separation was clearly beneficial. For exam-
ple, for a river water sample spiked with 200 ug L™" of nAg,
off-line DLS gave multiple peaks, none of which corre-
sponded to the nAg. In contrast, when the sample was eluted
through the HDC column, the background peaks were sepa-
rated and the nAg (Table 10), with a radius of 22.1 +6.1 nm,
could be identified in the eluent fractions collected between
12.9 and 13.1 min.

Detection of low nAg concentrations using
HDC coupled to on-line SP-ICP-MS

The work above was designed to demonstrate the capacity of the
HDC to separate ENPs, the reproducibility of the technique and
the role of matrix interferences. Clearly, ENPs will be found at
much lower concentrations in environmental samples. Further-
more, samples are diluted by ~500x during HDC, depending
upon particle size and elution volumes. As seen above, very few
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Table 10. Dynamic light scattering (DLS) size distributions of

200 pg L7 of nAg (NanoComposix, nominal radius of 20 nm) spiked

in the river water sample: (a) distribution before separation on the

hydrodynamic chromatography (HDC) column; (b) size of the sample
fraction collected between 12.9 and 13.1 min

nAg sample Hydrodynamic radii (nm) % mass
8.1+04 51.8+2.5
(a) 403 £6.6 159+2.6
279.5+22.1 323+2.6
(b) 22.1+2.7 100

particle sizing techniques, including the AUC and the DLS, can
be used for ENP concentrations below several hundred micro-
grams per litre, depending upon particle size and composition.
Indeed, the only detector examined here that has the capacity to
quantify ENPs at environmentally relevant concentrations is
the ICP-MS, run in regular or single particle mode. Indeed, nAg
has previously been detected at environmentally realistic
concentrations using AF4 coupled to both ICP-MS!" and
SP-ICP-MS.**! Therefore, the SP-ICP-MS was directly con-
nected to the HDC column, in order to obtain information on the
nAg concentrations and sizes. In this case, 4 ug L~ of the nAg
was spiked into the river water and the elution was performed
using a reduced flow rate of 0.5 mL min~'. Owing to the lower
flow rate (50% of that used above) and the added tubing
required for the coupling, the observed elution times were longer
than those observed previously. Nonetheless, it was clear that an
excellent signal to noise ratio could be obtained for the Ag signal
seen at 24.7min (Fig. 3, complete chromatogram shown in
Fig. S7). By running the ICP-MS in single particle detection
mode, a particle radius of 20.3+0.6nm was determined,
consistent with the nominal size and with sizes determined
previously by SP-ICP-MS, DLS and AUC (Table 2).
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Fig. 3. Partial chromatogram of river water sample spiked with 4 ug L~
of nAg (NanoComposix, nominal radius of 20 nm) following separation
by hydrodynamic chromatography (HDC) and detection using single parti-
cle inductively coupled plasma mass spectrometry (SP-ICP-MS). A particle
radius of 20.3 £+ 0.6 nm was determined for the Ag signal detected at
24.7 min using SP-ICP-MS. The entire chromatogram is presented in
Fig. S7.

Conclusions

The capabilities of the HDC column to separate ENPs according
to their sizes have been evaluated by measuring retention times
and comparing calibrated times with sizes determined by several
on-line (DLS, SLS) and off-line (DLS, AUC, SP-ICP-MS)
detectors. Among the off-line detectors, the most straight-
forward and easy to use detector was the (backscattering) DLS
detector (throughput of a few minutes per sample), even though
the AUC (throughput of hours per sample) and SP-ICP-MS
(throughput of minutes per sample) detectors gave results that
were consistent with expected particle sizes. As a separation
technique, HDC results were relatively straightforward to
interpret, with ENP retention times increasing monotonically as
a function of decreasing particle sizes. In addition, the HDC
removed much of the background signal due to environmental
colloids and natural organic matter, allowing for a reasonable
separation of the ENPs. Although the use of on-line detectors
provided the most direct confirmations of ENP size, the light
scattering detectors were limited by their relatively high
detection limits (i.e. minimum of ~200 pg L™"), especially
when compared to expected environmental concentrations of
the ENP. Given that the detection of ENPs in realistic natural
samples will require sensitive detectors such as the ICP-MS or
SP-ICP-MS, some initial results demonstrating clearly the
ability of HDC-SP-ICP-MS to separate, characterise and
quantify nAg in a river water sample have also been provided.
Future developments will be required in order to optimise the
technique for microgram or even nanogram per litre detection
limits, especially for the smallest ENPs that are currently below
the size detection limits of the SP-ICP-MS (diameters of
10-20nm). Nonetheless, the HDC technique clearly has the
capacity to complement more frequently used separation tech-
niques, such as the AF4.

Supplementary material

Supplementary material includes some preliminary experiments
to optimise the eluent composition and injection volumes,
chromatograms for several size standards, a calibration curve,
additional data on the separations, additional chromatograms
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and SP-ICPMS size distributions (see http://www.publish.csiro.
au/?act=view_file&file_id=EN13232_AC.pdf).
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