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Abstract

The characterization of manufactured nanoparticles (MNPs) in environmental samples is
necessary to assess their behavior, fate and potential toxicity. Several techniques are available, but
the limit of detection (LOD) is often too high for environmentally relevant concentrations.
Therefore, pre-concentration of MNPs is an important component in the sample preparation step,
in order to apply analytical tools with a LOD higher than the ng kg™ level. The objective of this
study was to explore cloud point extraction (CPE) as a viable method to pre-concentrate gold
nanoparticles (AuNPs), as a model MNP, spiked into a soil extract matrix. To that end, different
extraction conditions and surface coatings were evaluated in a simple matrix. The CPE method
was then applied to soil extract samples spiked with AuNPs. Total gold, determined by inductively
coupled plasma mass spectrometry (ICP-MS) following acid digestion, yielded a recovery greater
than 90 %. The first known application of single particle ICP-MS and asymmetric flow field-flow
fractionation to evaluate the preservation of the AuUNP physical state following CPE extraction is

demonstrated.



1 Introduction

The increasing use of nanoscale materials in a wide variety of applications raises the potential
problem of release into the environment and its associated effects.!®> Quantification and
characterization of manufactured nanoparticle (MNP) behavior in complex natural media, such as
soils or sediments, is extremely challenging from a metrological perspective.? The concentrations
of MNPs found in the environment are frequently below the limit of detection (LOD) of commonly
used analytical techniques. Therefore, pre-concentration of MNPs is often necessary in order to
apply analytical tools with a LOD higher than the ng kg* level. However, the preservation of the
original analyte (in both form and chemistry) is necessary to accurately assess the fate of MNPs in
the environment. Indeed, modification of the sample by addition of chemicals can potentially alter
MNP size, its interaction with natural colloids and its ecotoxicity. To mitigate these potential
artifacts, effective and validated methods are needed to extract and pre-concentrate MNPs from
complex environmental matrices.

Commonly used methods for extraction and pre-concentration in aqueous media include pre-
fractionation techniques such as centrifugation and ultrafiltration. Filtration is in theory a simple
technique, however modification of MNPs (e.g., aggregation, poor recovery, etc.) can occur due
to interaction with the filter membrane, cake formation or concentration polarization. ©3
Centrifugation is a technique with lower perturbation, but to pre-concentrate MNPs, it is
sometimes necessary to apply a high g-force (as a function of the density and size), potentially
leading to the formation of aggregates or shear forces that may otherwise alter weakly associated
particles. ° Liquid-liquid or solid-liquid extractions can also be performed on the sample, but they
are principally used for carbon-based MNPs (e.g., fullerenes).® ! Single channel techniques such
as field flow fractionation can also be utilized to pre-concentrate MNP samples; in this case, a
large volume of sample is injected in the channel and the focusing step is extended. ** '3 This
method can be coupled online to appropriate detectors or concentrated fractions can be collected
for off-line analysis. However, interactions can and do occur with the accumulation wall
membrane due to the increased focusing time.

Cloud point extraction (CPE) involves the addition of a surfactant at a concentration above its
critical micelle concentration (CMC). If the solution temperature is increased above the cloud point
temperature of the surfactant, micelles are formed via dehydration, and become less soluble in

water. Two phases are obtained: viz. a surfactant-rich phase and a solvent (surfactant depleted)



phase (the supernatant). Hydrophobic compounds are extracted with the surfactant micelles, while
the specie selectivity between dissolved ions and NPs requires the addition of an additive.*>*” CPE
has been used to extract and concentrate MNPs (e.g., AgNPs, AuNPs, CUONPs, carbon nanotubes)
in model matrices and in more complex media such as natural waters'®?! or wastewater from
treatment plants??. Hartmann et al. '® observed that for several AgNP coatings, the extraction
efficiency for CPE was in excess of 80 %. Efficiency was significantly reduced only for protein-
coated (bovine serum albumin) NPs. CPE was chosen for the present study in order to isolate
AUNPs (as model MNPs) from soil extracts, due to its relative simplicity and cost effectiveness.

For quantification of MNPs after CPE, the most common techniques are ultraviolet-visible
(UV-Vis) spectroscopy, graphite furnace atomic absorption spectrometry (GFAAS) and
inductively coupled plasma mass spectrometry (ICP-MS). The two latter techniques offer the
advantage of very low LODs and high elemental specificity. Concerning MNP size determination,
imaging techniques have been employed, such as transmission electron microscopy (TEM) and
scanning EM combined with energy dispersive x-ray spectroscopy. While EM techniques are
convenient and effective to visually assess the shape and the size of MNPs, sample preparation
can be critical (e.g., the drying step can generate artifacts)? 2* and the results can be statistically
limited. Single particle (sp) ICP-MS has recently evolved as a powerful analytical tool for the
detection, sizing and determination of particle concentration for metallic or metal containing
MNPs.2> 26 This technique allows one to accurately measure the size and concentration of metal
containing NPs at environmentally relevant concentrations (ng kg™), limited primarily by the mass
of individual particles (i.e., there is a lower size cut off for each element depending on sensitivity
and the presence of the dissolved element in the background). Asymmetric flow field-flow
fractionation (A4F) is a separation method widely used for the characterization of both natural
colloids 2”28 and MNPs #2930 However, sensitivity is dependent on the detectors coupled to, or
used in conjunction with, A4F. The use of ICP-MS as a detector provides low LODs, and its
combination with CPE can provide an enhancement in analytical sensitivity where environmental
samples are concerned.

In the present study, CPE was utilized to extract AuNPs from a model complex matrix (an
agricultural soil extract). The primary objective was to optimize the CPE process relative to both
recovery and preservation of the native MNP physical state, using state-of-the-art analytical tools,

including hyphenated methods. Initially, different conditions for CPE were evaluated to pre-



concentrate AuNPs (with different surface coating and size) in deionized (DI) water solutions.
Several analytical techniques were used in order to determine the extraction efficiency and the size
distribution of the AuNPs and natural colloids. For analysis of total Au content, ICP-MS was
performed following acid digestion. The size distribution, along with the aggregation state, was
evaluated using spICP-MS. A4F directly coupled to ICP-MS provided information on both the
size and the elemental composition of the MNPs and natural colloids. In this study, A4F was used

to characterize Au-spiked soil extract samples following treatment with CPE.

2 Materials and methods

2.1 Chemicals

High-purity (18 MQ cm) DI water was obtained from a Type Il biological grade water
purification system (Aqua Solutions, Jasper, GA, USA)! and was used for all sample preparation
and dilutions. Concentrated nitric, HNOs, (> 69 %) and hydrochloric, HCI, (> 37 %) acids were
used in ICP-MS experiments for trace analysis (Fluka TraceSelect, Sigma-Aldrich, St. Louis, MO,
USA). Citrate capped AuNPs with nominal diameters of 10 nm, 30 nm and 60 nm were obtained
from Ted Pella (Redding, CA, USA); these will be denoted as BB110, BBI30 and BBI60 after the
original manufacturer BBI Solutions (Cardiff, UK). Additionally, NIST reference materials (RMs)
with a nominal size of 30 nm and 60 nm, RM8012 3! and RM8013 32 (citrate capped AuNPS)
respectively, were used in this study for calibration and traceability purposes. Moreover, branched
polyethylenimine (bPEI, 25 kDa) and polyvinylpyrrolidone (PVP, 10 kDa) coated AuNPs with a
nominal size of 30 nm were obtained from Nanocomposix (San Diego, CA, USA). NIST SRM
3121 Au and SRM 3140 Pt standard solutions were used to prepare dissolved elemental calibration
standards. Two nonionic surfactants with different polyoxyethylene chain length: Triton X-114
(TX-114) and Triton X-100 (TX-100) were obtained from Sigma-Aldrich (St. Louis, MO, USA)
for CPE experiments. Humic acid (Suwannee River Humic Acid Standard Il, HA) was obtained
from the International Humic Substances Society (IHSS, St. Paul, MN, USA). Citric acid (CA,
99.5%) and disodium ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma-Aldrich
and GFS Chemicals (Columbus, OH, USA), respectively. Ammonium nitrate (NHsNO3, 99 %),
TX-114 and sodium dodecyl sulfate (SDS), obtained from Sigma-Aldrich, were used in the mobile

! The identification of any commercial product or trade name does not imply endorsement or recommendation by the
National Institute of Standards and Technology.



phase for A4F analyses; the mobile phase was first passed through a 0.2 um regenerated cellulose
filter prior to use. An agricultural soil (Nebraska SONE-1) used in this study was obtained from
the United States Geological Survey (USGS). SONE-1 is a USGS in-house, non-certified reference
material soil prepared specifically for the North American Soil Geochemical Landscapes Project.®

2.2 Total and single particle analyses by mass spectrometry

For the determination of total Au concentration and single particle analysis, a model 7700x
ICP-MS from Agilent Technologies (Santa Clara, CA, USA) was used. The instrument was
equipped with a concentric (Micromist) nebulizer and a refrigerated Scott chamber (2 °C). Before
analysis, the ICP-MS was tuned using a multi-element standard solution from Agilent (1 pg L™
each of ’Li, 8Y, %9Ce and 2®Tl in 2 % v/v HNO3) to ensure maximum sensitivity and minimum
oxide (***Ce0/**°Ce) and doubly charged ("°Ce**/**°Ce*) level (< 2 %). Data were collected at m/z
197 for Au and m/z 195 for Pt. Dissolved Au calibration standards were prepared over a mass
fraction range from (0.05 to 5) pg kg either in diluted aqua regia (1.0 % v/v 3 parts HCI/1 part
HNOs, AR) or in DI water. Platinum was used as an internal standard for total analyses (spectrum
analysis mode). For the spICP-MS analyses, the dwell time was set to 10 ms with a measurement
time of 300 s for each sample (time resolved mode). The transport efficiency was determined daily
by the use of standard dissolved Au solutions and AuNP reference materials (RM 8012 and RM
8013) according to a previously described method;** the value averaged ~ 6 % during the course
of this study. Between each sample analysis, the system was washed with DI water, 2 % v/v HNO3

and/or 1% AR, as necessary to avoid contamination.

2.3 A4F analyses

An Eclipse 3+ A4F system (Wyatt Technology, Santa Barbara, CA), equipped with a 1200
series UV-vis absorbance diode array detector (Agilent Technologies) and a multi-angle laser light
scattering (MALS) detector (DAWN HELEOS, Wyatt Technology) was used as a separation and
analysis system. The A4F nominal (trapezoidal) channel height was established using a spacer of
250 um (with dimensions of 26.5 cm length and narrowing width from 2.1 to 0.6 cm). This spacer
permits the fractionation of a wide size range in a reasonable analysis time;® for soil extracts,
colloids range in size from tens of nm to 500 nm. Polyethersulfone (PES) 10 kDa membranes were
purchased from Wyatt Technology and used as the accumulation wall. Mobile phase flow was
generated using an 1100 series isocratic pump (Agilent Technologies) equipped with a degasser
(Gastorr TG-14, Flom Co., Ltd., Tokyo, Japan). All injections were performed with an Agilent
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Technologies 1260 ALS series autosampler using a 100 pL injection volume. Data from the A4F
detectors was processed using Astra 6.1.4.25 (Wyatt Technology) and OpenLab (Agilent
Technologies) software. A4F recovery was determined as the ratio between UV peak areas of the
sample injected with and without application of the cross-flow field. The radius of gyration (rg)
was determined using the (first order) Berry formalism to analyze MALS data at different angles.®
Hyphenation of A4F with ICP-MS to analyze AuNPs and soil colloids was performed using a
collision cell, with He as collision gas, to reduce interferences. The isotopes %’ Au, 2’Al, **Mn and
5"Fe were monitored. Under the conditions of this experiment, >'Fe, though less abundant than
Fe, nevertheless produced a cleaner signal with less interferences and similar signal-to-

background at the levels encountered here.

2.4 Sample preparation

24.1 CPE

Samples for CPE were prepared in polypropylene conical-bottom centrifuge tubes (15 mL,
VWR, Radnor, PA, USA). Nonionic surfactants, such as TX-114 and TX-100, alone or in
combination (1:1) have been used previously to extract and concentrate NPs,*6: 1% 37.38 and were
therefore chosen for the present study. The final percentage of surfactant in the solution before
heating and centrifugation was 0.1 % w/w (i.e., 1.60 mmol L™t and 1.86 mmol L™, for TX-100 and
TX-114, respectively); this surfactant percentage is much higher than the reported CMC of (0.2-
0.3) mmol L1394 To about 10 mL of a sample (AuNPs in DI water or in soil extract at a
concentration ranging from 10 g kg to 500 pg kg?), 200 pL of 5 % w/w surfactant was added.
The addition of Triton surfactant to the sample can be accompanied by the addition of salt (NaCl
or CaCl) and/or acid (HNOs, CA or EDTA). These additives were chosen based on previous
studies.'® 1% 4243 Generally the added volume was 100 pL to avoid a dilution effect. All reactants
were added to the sample with a pipette and measured gravimetrically. Table 1 shows the CPE
conditions used in this set of experiments. Salt is added to decrease the Coulombic repulsion and
acid is added to increase the extraction efficiency by shifting the pH closer to the point of zero

charge for citrate coated AuNPs.®



Table 1: Summary of CPE conditions

Salt (final
Sample name Acid (pH) )
concentration)
TX-114 alone None (6.4) None
TX-114 + NaCl None (6.2) NaCl (2 mmol L)
TX 114 + HNOs3 HNO3 0.1 M (3.0) None
TX-114 + CaCl; None (= 6.2)° CaClz (2 mmol LY)
TX-114 + HNO3+ NaCl HNOz 0.1 M (3.0) NaCl (2 mmol L?)
TX-114 + CA? Citric acid (3.2) None
TX-114 + EDTA? EDTA (4.5)° None

aysed in section 3.1.3, influence of size and coating on CPE efficiency; ° pH not available, but all TX-114
solutions with inert salt have similar pH; ¢pH of EDTA solution alone

Samples were shaken vigorously and then heated for 30 min at 40 °C or 70 °C in a water bath,
for TX-114 or TX-100, respectively, to induce cloud formation. Phase separation was completed
by centrifugation at 4000 rpm (2060 g) for 10 min using a Beckman J2-HC centrifuge (Beckmann
Coulter Life Sciences, Indianapolis IN, USA) with a J20.1 fixed angle rotor (15 mL tube volume).
The supernatant and the surfactant-rich phase extract were separated and the extract was diluted 2
to 3 times in DI water prior to digestion. Typically, CPE samples are diluted in alcohol (usually
ethanol)!®; however, the autocatalytic oxidation between concentrated (=~ 70 %) nitric acid and
ethanol is potentially explosive and can generate toxic gas (NO2), even if the hazard is reduced
with aqua regia (AR).** * Moreover, in order to preserve maximal sample integrity, dilution in
water is preferable. Indeed, the nature of the initial media (aqueous) is conserved in this way.

An aliquot of the supernatant and surfactant-rich phases (extract) were each digested with AR.
Undiluted AR was added to the surfactant-rich phase and left at room temperature for a few hours
in a fume hood. The solution was then diluted to the final volume with DI water to yield an AR
concentration of 1 % to 2 %. For spICP-MS analyses, samples were diluted several times in DI
water to obtain a concentration of about 5 ng kg™ and 40 ng kg%, for 30 nm and 60 nm, respectively.
For each size, these concentrations yielded a particle concentration of about 15,000 mL™.

In addition to citrate, surface coatings evaluated in this study include nonionic PVP and
cationic bPEI. Additionally, AuNPs were mixed with natural organic matter (humic acid, HA) to
assess its influence on the CPE process. HA (at a concentration of 2 mg kg™*) was added to citrate



capped AuNPs (BBI130), prior to CPE in order to modify the surface in a manner that mimics
environmental exposure, and mixed 2 h with a bench-top rotatator. The HA solution pH was at the

natural value near 4 or was adjusted to pH 8 with dropwise addition of NaOH.

2.4.2 Soil extraction

To obtain soil colloids, batch extractions were performed. Moderately hard water (MHW)
was used with a liquid/solid (L/S) ratio of 10 (method based on EPA 1316 *¢). MHW was prepared
according to EPA recommendations: 96 mg L™t NaHCOs, 60 mg L? CaS04.H.0, 60 mg L*
MgSO4 and 4 mg Lt KCI.#” The soil-MHW suspension was then mixed end-over-end for 24 h. A
size separation to remove particles larger than 0.45 um was achieved by centrifugation.*® This
method reduces particle loss relative to filtration.® As an approximation, the density for soil
colloids was taken to be 2.65 g cm=.*® The speed was fixed at 2000 rpm (515 g) and the duration
of centrifugation was calculated as a function of the angle and height of the tube in the fixed rotor.
Soil extracts (< 0.45 pum) were then gravimetrically spiked with stock solution of AuNPs (BBI60)
to a concentration from (10 to 500) pg kg™t and mixed end-over-end overnight (= 12 h). Finally,

the soil samples were extracted by CPE using the TX-114 surfactant.

2.5 Uncertainty statement
Unless otherwise noted, all uncertainty intervals for the extraction efficiency values reported

in this work represent one standard deviation about the mean, s, based on 2 to 10 measurements

%
performed under repeatability conditions, where s = [ﬁ (- f)z] , nis the number of

replicate measurements and X is the mean value. For the mass-based diameter determined from
spICP-MS data using a Gaussian model, the uncertainty is determined as s obtained from the
Gaussian fitting. The LOD and the limit of quantification (LOQ) for the ICP-MS instrument

coupled to A4F is defined as the signal background plus 3s or 10s, respectively.

3 Results and discussion

3.1 Cloud point extraction optimization in a simple matrix (DI water)
The initial objective was to optimize CPE conditions using a simple matrix (DI water) in

order to select the most relevant conditions to evaluate with more complex matrices (soil extracts).



Both extraction efficiency and size distribution were assessed for AuNPs with different coatings,

core size and concentration.

3.1.1 CPE with TX-100, TX-114 and their mixture (1:1)

Figure 1 presents Au recovery determined by ICP-MS (after digestion) using different
surfactant compositions. From the extraction efficiencies shown, we conclude that single
component TX-114 is the most appropriate surfactant composition for AUNP extraction by CPE
in a simple aqueous solution (DI water). It is worth noting that TX-114 contains a shorter
polyoxyethylene chain (n = 7-8) compared with TX-100 (n = 9-10) and has a lower cloud point
temperature (22 °C vs. 65 °C). This is important, because following the heating step, centrifugation
is performed at a temperature that is lower than the cloud point temperature for TX-100 or the TX-
mixture (maximum temperature in the centrifuge is 30 °C). The results therefore imply a re-
dissolution of the micelles in the aqueous phase, and consequently a decrease in the extraction
efficiency. Notably, the addition of inert salt (NaCl) to the TX-mixture increased the extraction
efficiency, most likely by lowering the cloud point temperature.*®-5! However, recoveries remain
low relative to pure TX-114 as shown in Figure 1. Additionally, a relatively large amount of Au
was detected in the supernatant of both mixtures. Overall, TX-114 was selected as the CPE

surfactant for the remainder of the study.
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Figure 1: Au recovery from DI water solutions after CPE for different surfactant compositions, using BBI60 at an initial
concentration of 100 pg kg. The salt is NaCl. Error bars represent one standard deviation of the replicates (n= 3).



TX-114 was evaluated at three concentrations (0.1 %, 0.2 % and 0.5 %), all of which are

above the CMC. The recoveries were similar regardless of the concentration (data not shown).

3.1.2 A comparison of extraction conditions
Using TX-114 as the primary surfactant for optimization, the objective here was to
optimize extraction efficiency, while preserving the size distribution of the analyte. This was

achieved by systematically varying extraction conditions (see Table 1).

3.1.2.1 Extraction efficiency in DI water

Figure 2 shows the extraction efficiency (recovery) for BBI60 AuNP suspensions under
different conditions. Regardless of the conditions, the recovery is consistently above 80 %. The
average enrichment factor was about 10x. Consequently, all conditions provide satisfactory

extraction efficiencies relative to previously reported results.5? 53
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Figure 2: CPE recoveries of BBI60 AuNPs, at an initial nominal concentration of 100 ug kg™, from the simple matrix (DI
water) determined after digestion of the extract with AR and analysis by ICP-MS (the number of sample preparation
replicates are from left to right 11, 5, 4, 2 and 4). Supernatants are also presented here to assess the conservation of the

mass. Error bars represent one standard deviation of the replicates.
3.1.2.2 Size distribution as a function of CPE conditions
Here we assess the conservation of the size distribution for AUNPs following extraction. For

this purpose, spICP-MS analyses were performed on the CPE extracts. Figure 3 presents the size
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distributions of nominally 60 nm AuNPs after CPE using different conditions of extraction. It
appears that AuNPs extracted with TX-114 alone (Figure 3a) and TX-114 + NaCl (Figure 3b)
preserve the original size distribution with a mean size of 60.3 £ 0.3 nm and 60.1 = 0.3 nm,
respectively, obtained from Gaussian fitting. These results are statistically equivalent to the size
distribution determined for the native BBI60 AuNPs measured without CPE under the same
conditions, which yielded a mean size of 59.9 = 0.1 nm (see Figure S1 in the Electronic
Supplementary Information, ESI). Conversely, the extraction with TX-114 + HNOs (Figure 3c)
and TX-114 + CaCl (Figure 3d) yield a wider size distribution with a population around 60 nm
and at least one other population centered above 70 nm. The sizes determined from spICP-MS data
are based on a calculation where the particles are assumed to be perfect spheres with the density
of bulk gold.3* In this case, if the particles form aggregates, the dimers would have a mass 2x
higher and the spherical equivalent size would be roughly 75 nm. In the same way, a trimer of
60 nm AuNPs determined by spICP-MS would have a spherical equivalent diameter of about
86 nm. Figure 3c and 3d clearly show a population around 75 nm, which likely corresponds to
dimers. Above 80 nm the particle frequencies may be due to formation of trimers and more massive
aggregates (from the mass of each particle event, it can be deduced that 4 particles correspond to
95 nm, 5 particles to 104 nm, etc.).

It is worth noting that spICP-MS has a slightly greater capacity to differentiate monomers
from discrete clusters with low particle number, due to the mass-based measurement. By
comparison, the hydrodynamic diameter (i.e., as measured by dynamic light scattering) for a dimer
and trimer of spheres is 1.2D1 and 1.35D1, respectively, where Dy is the diameter of the monomer;
thus, for 60 nm AuNPs, the hydrodynamic diameter of the dimer and trimer is 72 nm and 81 nm,

respectively.
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Figure 3: Size distribution of BBI60 AuNPs from sp-ICP-MS analyses for a) TX-114 only, b) TX-114+NaCl, c) TX-114 +
HNOs and d) TX-114 + CaClz

For CPE using HNO3z or CaCly, the size distributions are not reproducible. In certain cases
the aggregation state is predominant and the frequency for the monomer decreases substantially.
Because aggregation is a kinetic phenomenon, it is reasonable to expect greater variance between
experiments when aggregation is present. Moreover, the increase of aggregation may imply a
lower recovery, when it is determined by spICP-MS compared with total analysis by ICP-MS; the
more massive aggregates may settle in the autosampler vial prior to analysis, or the large size may
inhibit complete ionization in the plasma. To quantify the aggregation state of the samples after

CPE, an aggregation number parameter was used. The first aggregation number (AN1) was
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determined as the ratio of the mass sum of the dimer (Mgimer) OVer the mass sum of the monomer
(mmono):

AN1 = ZMdimer (1)

Y Mmono

For larger aggregates (containing three or more AuNPs) the aggregation number (AN2) is defined
by:
_ X Myrimer+
AN2 = =_—met 2

Y Mmono

More specifically, from the mass distribution determined by spICP-MS, the monomer peak can be
deduced (see Figure S2). The summation }; m,,,n, COrresponds to the sum of the masses in the
entire monomer peak. The dimer peak is obtained by multiplying the maximum of the first
(monomer) peak by two. All frequencies over the dimer peak are collectively lumped together as
trimer-plus. To avoid counting events corresponding to coincidence (i.e., signal from two
monomers occurring in one dwell time increment) during the analysis, the number of particles is
determined in such a way that the particle number is below 500 min, where no coincidence
(AN1+2 < 0.1) was observed for the control sample (BBI60 without CPE).

Figure 4 compares the aggregation numbers for the different extraction conditions. ANs
are below 0.2 for TX-114 alone and TX-114 + NaCl. AN1s for the other conditions are close to
0.5 and AN2s range from 20 £ 17 for TX-114 + HNOz to 47 + 20 for TX-114 + HNOs +NaCl. The
uncertainties determined as one standard deviation of the replicates of sample preparation show a
wide variability for the size distributions and confirm the instability of the AuNPs extracted under
these conditions (i.e., addition to TX-114 of HNO3, HNOz + NaCl or CaCly). In the same way,
samples of AuNPs were analyzed without performing CPE (control samples), while ANs were
determined in the same manner: AN1 = 0.08 + 0.02 and AN2 = 0.02 + 0.02. By comparing with
samples extracted with TX-114 alone and TX-114 + NaCl, the AN1s are similar. AN2s are slightly
lower for TX-114 alone at 0.06 + 0.03. For TX-114 + NaCl, AN2 is equal to 0.11 £ 0.8, which is
5x higher than the native AuNP control sample; however, the uncertainty shows a large variability.
Thus, AuNPs extracted with TX-114 alone and TX-114 + NaCl did not show a significant change

in size distribution following CPE.
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Figure 4: Aggregation number (AN) determined for several conditions of extraction using BBI60 AuNPs. The insert is an
enlargement of the graph. Error bars represent one standard deviation of the replicates (the number of sample
preparation replicates were, from left to right, 9, 9, 9, 7 and 4).

Overall, it is reasonable to conclude that the use of TX-114 alone or TX-114 + NaCl, as
the extraction formulation, presents the best stability and conservation of size after CPE in a simple
matrix for citrate-capped AuNPs. Previous studies, employing TEM to determine the size of the
AuUNPs® and AgNPs'®, showed that the size was unaffected by CPE, even in the presence of acid.
The redisolution of the surfactant-rich phase sample in alcohol after CPE may explain the observed
difference with the current study (disaggregation). Moreover, these TEM analyses can only
confirm that the core size of the particles is preserved (i.e., no change of the monomer size or
change in shape), whereas aggregation events are difficult at best to quantify by TEM, due to
drying artifacts. Therefore, in situ spICP-MS is a more sensitive technique to evaluate the

aggregation rate and state in situ.

3.1.3 Influence of size and coating on CPE efficiency
Three nominal AuNP sizes were tested (10 nm, 30 nm and 60 nm) in order to assess the
influence of size on extraction efficiency. No significant differences were observed concerning the

extraction efficiency, which yielded a mean recovery near 80 %; though the addition of NaCl may
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slightly improve the recovery (see Figure S3). The size distributions (for BBI30) obtained by
spICP-MS indicate that the physical state is largely preserved (see Figure S4). However, it is
important to note that for the same mass concentration, 30 nm AuNPs are more easily aggregated
compared to 60 nm AuNPs, with or without CPE. He et al. made a similar observation for hematite
NPs. >

Subsequently, the 30 nm size AuNPs were chosen to evaluate the effect of surface coating
on CPE. In addition to TX-114 alone and TX-114 + NaCl, CA and EDTA were used as additives
(see Table 1). Figure 5 compares the extraction efficiency for different AUNP coatings used in this
study. We observe that HA modification decreased the extraction efficiency to < 30 % for TX-114
alone. There is a small improvement for pH 8 with 22 % extraction efficiency compared to 13 %
at pH 4. Ghouas et al. (2012) showed that extraction of HA by a nonionic surfactant is influenced
by the presence of electrolytes and acids.> The solubility of HA in water decreases with increasing
ionic strength or decreasing pH. ° Therefore, factors such as decrease of repulsive interactions (at
higher ionic strength) and protonation of HA to the neutral molecular form (at acidic pH) in the
water/surfactant media may enhance the interaction of HA-coated AuNPs with the micellar
aggregates and thus improve extraction efficiency.> >’ Similarly, in the present study, the recovery
of PVP-coated AuNPs is less than 20 % when TX-114 alone is used for extraction. Recovery for
the HA treated AuNPs is improved by the addition of NaCl, CA and EDTA (see visual observation,
Figure S5). The bPEI coating does not significantly reduce extraction efficiency compared with
citrate, when TX-114 alone is used. However, when NaCl, CA or EDTA are added into the
mixture, a decrease of the extraction efficiency is observed. It should be noted that bPEI contains
a mixture of primary, secondary and tertiary amines,>® and except under strongly acidic conditions,
carries a high positive charge density. Therefore, changes in surface charge (screening effects)
may be the origin for the observed decrease in extraction efficiency when salt or acid is added to
the bPEI-AuNP suspension. Additionally, the hydration of bPEI-coated AuNPs is greater (more
water of hydration) compared to negatively charged AuNPs, and this could also play a role in
determining extraction efficiency.

According to the literature, if a compound is hydrophobic, it is more likely to be trapped
in the micelles.*® Therefore, PVP-AuNPs and HA-AuNPs should be easily extracted because they
are more hydrophobic due to the carbon chain and the aromaticity, respectively ¢°. However, it

was observed that for TX-114 alone, citrate coating was extracted more efficiently. Compared to
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PVP (zeta-potential = -17.4 + 2.9 mV, likely due to residual citrate) and HA (zeta-potential = -
35.5 £ 1.5 mV), the citrate coating (zeta-potential = -24.0 + 1.2 mV) has a very low molar mass.
The size of the coating may also influence extraction. Therefore it appears that extraction
efficiency is not simply a question of hydrophobicity, otherwise PVVP and HA should have a higher
measured efficiency.

Additionally, spICP-MS analyses for citrate coated AuNPs after the addition of CA exhibit
a high aggregation rate, no doubt as a result of charge screening. For HA, PVP and bPEI coated
surfaces, the size distribution remains largely unchanged when CA and EDTA (except for bPEI)
are present in the solution. These coatings appear to stabilize the AuNPs, preventing significant

aggregation from occurring during CPE (Figure S4).
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Figure 5 : Influence of surface coating on CPE recovery. BBI30 with a nominal core size of 30 nm was used at a
concentration of 100 pg kg*. AuNPs were mixed with HA at pH 4 and pH 8. Error bars represent one standard deviation
of the replicates (for HA pH 4 n = 3; for HA pH 8 n = 3; for PVP n =5, 2, 4 and 3 for TX-114 alone, TX-114 + NaCl, TX-
114 + CAand TX-114 + EDTA, respectively; for bPEI n =5 for TX-114 alone and 3 for the other additives; for citrate n =
10, 8, 4 and 4 for TX-114 alone, TX-114 + NaCl, TX-114 + CA and TX-114 + EDTA, respectively).

16



3.2 Optimization of A4F methodology in a simple matrix (DI water)

Following CPE, samples have a high surfactant content. After dilution in water, the
concentration of the supernatant reaches a maximum value of 0.5 % TX-114. The presence of the
surfactant in the sample may induce different interactions between NPs in the sample and the A4F
membrane (accumulation wall); the elution process, and consequently the retention time, can be
affected by these interactions. To assess these potential effects, different mobile phase
compositions were tested: viz. 0.5 mmol Lt NHsNO3, 0.5 mmol L't NHsNO3 + TX-114 at different
concentrations and 0.4 mmol L NHsNOs + 0.1 mmol Lt SDS. AuNP stock solutions were diluted
in DI water and in a solution of 0.5 % of TX-114.

The nonionic surfactant (TX-114) was formulated in the mobile phase at several
concentrations: viz. below, equal to, and above the CMC (0.2 mmol L™!). When a concentration of
TX-114 equal to or above 0.2 mmol L was used, the response of UV and MALS detectors was
noisy and presented a high baseline signal intensity, likely due to the incipient formation of
micelles.® 2 Below the CMC (TX-114 set at 0.001 % or 0.02 mmol L), the background is greatly
improved and returns to normal operating conditions. However, for the AuUNP samples tested here
(BBI30 and BBI60), two peaks were observed with a total recovery below 20 %. Moreover,
replicate analyses showed that the fractograms were not reproducible, as the signal of the analyzed
NPs in subsequent runs decreased relative to the initial run. The low recovery may be due to
passivation of the membrane by the nonionic surfactant. Thus, the electrostatic repulsion between
membrane and the negatively charged particles is reduced. We have concluded that TX-114 is not
a compatible surfactant additive in the mobile phase for A4F fractionation, at least under the
conditions of the present study.

An anionic surfactant (SDS) at 0.1 mmol L™* was used in combination with 0.4 mmol L*
NHsNOs to improve the anionic character of the PES membrane and potentially reduce passivation
of the membrane by TX-114.5% 8 The fractogram obtained, using a channel flow rate of 0.5
mL min™ and a cross flow rate of 0.3 mL min? (see Figure S6), for BBI60 in 0.5 % TX-114,
exhibits two peaks that are not baseline resolved. One part of the population is not retained in the
channel and elutes in the void peak (elution time of the unretained species at around 1 min) with a
relative abundance of 63 % + 2 %. It is due presumably to a high level of repulsion with the
membrane and may be accelerated by the presence of micelles. The second population elutes at

around 6 min.
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The use of a mobile phase containing only a simple salt (0.5 mmol L™* NHsNO3) was also
considered. In the first step, BBl AuNPs (30 nm and 60 nm) were diluted in water and injected in
order to establish a point of comparison. After two injections of blanks containing 0.5 % TX-114,
AUNPs diluted in 0.5 % TX-114 were injected into the A4F system. Figure 6 presents fractograms
(UV-Vis trace at 520 nm) for BBI30 and BB160 AuNPs diluted into the two different media. For
samples fractionated in TX-114 relative to DI water, the observations are as follows: 1) appearance
of a small peak just after the void time at =~ 1 min, 2) a wider main peak for both sizes in TX-114
and 3) a shift of the main peak toward faster (i.e., lower) retention times (by about 10 %). The first
population peak (retention time, tr = 1.3 min) may contain a small amount of AuNPs that are not
retained due to the surrounding surfactant (absorption at 520 nm). Indeed, some AuNPs may be
trapped in the residual TX-114 micelles and thus the nonionic surfactant might degrade the particle
dispersion;®2 therefore, due to repulsion with the membrane they are eluted faster. This hypothesis
is confirmed by the analysis of blanks (sample of 0.5% TX-114 with no AuNPs, Figure 6), which
showed lower signal intensity at this retention time. Therefore, this peak is not due to the surfactant

alone, but contains a population of AuNPs.
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Figure 6: A4F fractograms for citrate capped AuNPs (BBI 30, dashed line and BBI60, solid line) diluted in DI water and
diluted in 0.5 % TX-114.

The AuNPs were analyzed several times. Figure S7 shows the fractograms of the replicates for

a nominal size of 30 nm (see Figure S7a) and 60 nm (see Figure S7b). Importantly, it is observed
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that the retention times are repeatable for both sizes: about 3.9 min for 30 nm and 6.2 min for

60 nm. Additionally, the main peak narrows after the first run and the first peak near tr =1 min

has decreased. The resolution (R = 1.18 (M) with w the peak width at half height) thus becomes

Wit wy
comparable with the AuNPs diluted in water, 0.67 £ 0.04 and 0.76 £ 0.04, for 30 nm and 60 nm,
respectively. The resolution is acceptable even though it is < 1 (baseline resolution would be
indicated by a value of 1.5 or larger). Indeed, the goal is to obtain good separation in a reasonable
analysis time for the entire size range of colloids present (up to 450 nm).

The experiments conducted here suggest that a mobile phase of 0.5 mmol L™ NH4NOs is the
more appropriate condition for extracted samples containing a certain percentage (0.5%) of
nonionic surfactant (TX-114), providing that preliminary runs are performed in order to condition
the membrane for this type of sample. AuNPs diluted in DI water were also analyzed after
conditioning. The signal intensity decreased significantly, indicating a substantial loss of material
on the membrane surface. Thus, after the conditioning of the membrane only sample containing
TX-114 can be analyzed.

The coupling of A4F with ICP-MS (high sensitivity element-specific detector) is particularly
useful when the AuNP concentration in the samples is relatively low (below 500 pg kg™). The
retention times are similar at low (0.2 ng kg™) and high (13 ng kg) concentrations (see Figure
S8). Moreover, the ICP-MS signal for 0.2 ng kg™ is above the LOQ (about 3 times higher) and
offers better sensitivity compared to MALS or UV-Vis (see Figure S8b).

3.3 CPE on soil extracts

Following CPE experiments in DI water, optimized conditions were applied to soil extract
samples (obtained as described in section 2.4.2.). Thus, the extraction efficiency and the size
distribution were assessed in the same way as the simple matrix, using spICP-MS (for AuNPSs) and
A4F-UV-MALS-ICP-MS (for natural colloids).

3.3.1 Extraction efficiency

Total Au analysis of the samples after digestion of the extracts shows that the extraction
efficiency is as effective as in the simple media (DI water only). Figure 7 presents the recoveries
of soil extract samples after CPE and compares them to the AuNPs extracted by CPE in simple
MHW solution.
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Figure 7: Comparison of Au recovery after CPE for soil extract samples and simple MHW. Error bars represent one
sktgllw'dard deviation of the replicates (n = 3). BBI60 AuNPs were initially dosed in the sample at a concentration of 500 pg

The recoveries for the soil extracts containing AuNPs are very high (over 90 %) and
comparable to the efficiency of extraction of AuNPs without soil colloids (MHW only). This result
IS in accordance with observations made in a simple matrix in section 3.1.3.

In order to test if the extraction efficiency of PVP coated AuNPs remains low when mixed
with a soil extract matrix, P\VVP30 was spiked into the soil extract and CPE was performed using
TX-114 alone. The recovery was 112 % % 5 % (duplicate samples; data not shown). That is to say,
high recovery is obtained. Thus, the presence of natural colloids can apparently improve the
extraction efficiency by changing the physico-chemical properties of the solution (pH, ionic
strength) and/or the surface characteristics of the NPs. We conclude that PVP-coated AuNPs can

bind to the natural colloids such that they are co-extracted during the CPE process.

3.3.2 Size distribution

To determine the size distribution of AUNPs in the soil samples, spICP-MS analyses were
performed (Figure 8). The average size of the main peak (monomers) for soil extracts after CPE is
59.4nm £ 0.5 nm and 59.0 nm £ 0.5 nm, for TX-114 alone and TX-114 + NaCl, respectively
(Figure 8a and 8b). Without CPE, the average size of the monomer peak is 60.4 nm = 0.7 nm

(Figure 8c). The average NP size and corresponding uncertainty represent the mean of means and
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standard deviation of the means resulting from the Gaussian fits. This uncertainty estimation
accounts for sample preparation repeatability (triplicate samples were prepared) and measurement
precision. A sample of AuNPs prepared in MHW was also extracted and analyzed with TX-114
alone. The determined mean size was 58.8 nm £ 0.4 nm (Figure 8d). The mean sizes for the main

peak are comparable within the uncertainty range for AUNPs before and after CPE.
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Figure 8: Size distributions obtained from spICP-MS for BBI60 AuNPs. a) soil extract after CPE with TX-114 alone, b)
soil extract after CPE with TX-114 + NacCl, c) soil extract without CPE and d) MHW after CPE with TX-114 alone. The
size distributions presented here are the collective sum of triplicate samples for a), b) and c).

A second population around 75 nm is also observed in Figure 8. As for the simple matrix, this peak
corresponds to the aggregation of AuNPs and more particularly to the formation of dimers, as
discussed previously. Aggregation numbers were calculated for the soil samples before and after

CPE and are presented in Figure 9.
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Figure 9: Aggregation number determined for soil extracts (SE) with and without CPE and a sample of AuNPs prepared
in MHW (no soil) after CPE. BBI60 AuNPs were used. Columns from left to right correspond with the samples in Figure 8
(a) to (d), respectively. AN1 and AN2 are presented after subtraction of AN determined for AuNPs in DI water (referred to
here as a blank, blk). Error bars represent one standard deviation of the replicates (n = 3).

The observed aggregation may be due to interaction with components within the complex
media. The extracts contain soil colloids (extracted in MHW) and other species (salts, organic
matter, etc.) that may induce homoaggregation. Additionally, heteroaggragation with the natural
colloids must also be considered as a possible outcome. The analysis of the soil extracts without
CPE has also exhibited aggregation phenomena, demonstrating that this effect is not due to the
CPE process itself. Additionally, CPE of AuNPs in MHW can also induce aggregation, because
of the salts (monovalent and divalent) present in the MHW. Indeed, in Figure 8d, for AuNPs
prepared in MHW alone, aggregation is also observable (AN1 + AN2 = 0.55 £ 0.06).

The same observation applies to the effect of AuUNP concentration (10 and 100 ug kg™).
The size distributions obtained by spICP-MS analysis indicates that they are largely preserved and
not altered by the CPE process, independent of concentration (Figure S9).

A4F analyses of soil extracts dosed with BB160 and treated by CPE are presented in Figure
10. UV-Vis, MALS and ICP-MS signals for Au and the major elements (Al, Fe and Mn) were
monitored. The radius of gyration, rg, shows that the size varies between 30 nm and 250 nm over

the main population range, indicating that effective fractionation is achieved. The fractograms
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show that Au is mainly present at the retention time corresponding to the principal population of
AuUNPs around 6 min. The natural colloids are represented by the broad peak at longer retention
times apparent in MALS, UV and ICP-MS traces. If the Au signal is expanded (see Figure S10),
it appears that a small quantity of the AuNPs are co-eluted with the broad (natural colloid) peak.
Thus, AuNPs may be homoaggregated and/or bound (heteroaggregated) to the natural colloids
present in the soil; both processes would yield longer retention times and broadened peaks. Similar
results were previously observed in the literature where AgNPs and AuNPs interacted with
different particulate components of the natural samples.®* ® For 30 nm AuNPs, Meisterjahn et al.
65 observed that the retention time of AuNPs spiked in natural colloids is similar to the pure
dispersion, but the peak presented an asymmetric and broadened shape.
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Figure 10: A4F fractograms of a soil extract with BB160 AuNPs after CPE (TX-114 alone), Vp=0.5 mL min* and Vc=0.3
mL min-t. MALS signal at 90° is reported. The x20 and x5 parameters in the legend represent the scaling factor.
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4 Conclusions

We systematically investigated and optimized cloud point extraction or CPE for AuNPs
using a simple aqueous matrix, then applied the method to an agricultural soil extract composed
of the sub-0.45 um fraction (colloids + dissolved species). The results quantitatively confirm the
feasibility of using CPE with TX-114 surfactant on soil extract samples spiked with surface
modified AuNPs, as a first step toward the development of a robust validated methodology for
detecting, characterizing and quantifying manufactured metallic NPs in soils. The AuNPs are
successfully pre-concentrated and the size distribution of the sample is preserved (as uniquely
determined by single particle ICP-MS and asymmetric flow field-flow fractionation or A4F), under
optimized conditions. Furthermore, enrichment of the analyte improves the selective detection and
quantification of metallic MNPs by hyphenated A4F-ICP-MS. The use of other additives (HNOs3,
NaCl, CA and EDTA) to potentially enhance extraction show that acidification of the mixture
improves extraction efficiency, but causes an important aggregation event for citrate coated
AUNPs. Nevertheless, it is important to preserve, as much as possible, sample integrity. The
influence of the MNP surface coating on the extraction efficiency in a simple matrix is significant,
especially when TX-114 is used alone. However, in a complex matrix (soil extract) the inherent
ionic strength and the presence of other colloids enhances the recovery for PVP and HA coated
AuNPs without further additives. We achieve an average optimized enrichment factor of about
10x, but this can be improved by increasing the initial volume (i.e., a container volume of 50 mL
instead of 10 mL with an appropriate sized centrifuge rotor) or by decreasing the volume of TX-
114. In conclusion, enrichment by an optimized CPE method is shown to be feasible, reproducible,
non-perturbing and improves detection and quantification of the MNP analyte. On-going research
efforts focus on expanding this methodology to a wider range of MNPs (e.g., silver NPs) and

additional environmental matrices (e.g., soils, sediments, industrial and residential sludge).
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Figure S1: Single particle inductively coupled plasma spectrometry (spICP-MS) derived size
distribution of native citrate-stabilized BBI AuNPs! with a nominal size of 60 nm (BBI60).
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Figure S2: Representative example of the mass distribution for a BBI60 AuNP sample extracted

with TX-114 + CaCl, as determined by spICP-MS
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Figure S3: Cloud point extraction (CPE) recovery as a function of nominal AuNP diameter
(BBI10, BBI30 and BBI60) using a) TX-114 alone and b) TX-114 + NaCl as determined after
digestion of the extract with aqua regia (AR) and analysis by ICP-MS. The uncertainties represent

one standard deviation of 3 to 10 replicates.
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Figure S4: spICP-MS size distributions for BBI30 AuNPs with different surface coatings after CPE using TX-114 alone, with NaCl, CA or EDTA
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Figure S5: Visual observation of the extraction of HA-treated AuNPs (nominal size of 30 nm,
BBI30) as a function of the additive during CPE using TX-114 as a surfactant

Figure S6: Fractograms (MALS signal at 90° scattering angle) for BBI60 using SDS in the mobile
phase (0.1 mmol L' SDS + 0.4 mmol L-! NH4NO3); replicate fractograms shown.
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Figure S7: Fractograms of AuNP replicates with a nominal size of a) BBI30 and b) BBI60.
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Figure S8: a) Fractograms of BBI60 with TX-114 at 13 ng kg™!' (blue) and 0.2 ng kg! (red), each
signal is scaled against its own magnitude with MALS signal recorded at an angle of 90°, b) ICP-
MS signal of BBI60 with TX-114 at 0.2 ng kg™'.
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Figure S9: spICP-MS derived size distribution for BBI60 AuNPs after CPE with an initial
concentration of a) 10 pg L-'and b) 100 pg L-!
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Figure S10: Expansion of 1°7Au signal from BBI60 measured by ICP-MS (see Figure 11 in main

text)
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