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Environmental context. The fate of nanomaterials in the environment is related to their colloidal stability.
Although numerous studies have examined their homoagglomeration, their low concentration and the presence
of high concentrations of natural particles implies that heteroagglomeration rather than homoagglomeration is
likely to occur under natural conditions. In this paper, two state-of-the art analytical techniques were used to
identify the conditions under which nanosilver was most likely to form heteroagglomerates in natural waters.

Abstract. The environmental risk of nanomaterials will depend on their persistence, mobility, toxicity and bioaccu-
mulation. Each of these parameters is related to their fate (especially dissolution, agglomeration). The goal of this paper
was to understand the heteroagglomeration of silver nanoparticles in natural waters. Two small silver nanoparticles (nAg,

,3 nm; polyacrylic acid- and citrate-stabilised) were covalently labelled with a fluorescent dye and then mixed with
colloidal silicon oxides (SiO2,,18.5 nm) or clays (,550 nm SWy-2 montmorillonite). Homo- and heteroagglomeration
of the nAg were first studied in controlled synthetic waters that were representative of natural fresh waters (50 mg Ag L�1;

pH 7.0; ionic strength 10�7 to 10�1MCa) by following the sizes of the nAg by fluorescence correlation spectroscopy. The
polyacrylic acid-coated nanosilver was extremely stable under all conditions, including in the presence of other colloids
and at high ionic strengths. However, the citrate-coated nanosilver formed heteroaggregates in presence of both colloidal

SiO2 and clay particles. Nanoparticle surface properties appeared to play a key role in controlling the physicochemical
stability of the nAg. For example, the polyacrylic acid stabilized nAg-remained extremely stable in the water column, even
under conditions for which surrounding colloidal particles were agglomerating. Finally, enhanced dark-field microscopy
was then used to further characterise the heteroagglomeration of a citrate-coated nAg with suspensions of colloidal clay,

colloidal SiO2 or natural (river) water.

Additional keywords: agglomeration, dark-field microscopy, fluorescence correlation spectroscopy, hyperspectral

imaging, silver nanoparticle.
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Introduction

The use of nanomaterials is constantly increasing in consumer
products, leading to an increased environmental risk that is
strongly related to their fate (dissolution, agglomeration, etc.).

Several studies have evaluated the homoagglomeration of
nanosilver (nAg) in natural waters,[1–8] providing valuable
information on the important factors affecting nanoparticle

stability. Generally speaking, increased ionic strength and water
hardness will increase agglomeration,[3,5,7,8] organic matter
content has been observed to both increase and decrease
agglomeration,[3,6,9] and the nature of the particle coating plays

a critical role in particle stability.[1,5,7,8] Nevertheless, owing to
analytical constraints, most studies have been performed at fairly
high particle concentrations, especially when compared with the

sub-part-per-billion levels that are expected in natural
waters.[10,11] In addition, natural waters contain a large variety of
colloidal particles[9] at concentrations that are usually orders of

magnitude higher than the nanoparticles, i.e. from ,10 mg L�1

(marine environments) to 10 g L�1 (rivers).[12] Because both
agglomeration and dissolution depend on particle concentra-
tion,[13] it is critical to understand particle fate for the low

concentrations and low nanoparticle : colloid ratios that are likely
to be found in natural waters. Based on the above, nanoparticles
are more likely to interact with natural colloids or organic matter

(i.e. heteroagglomeration) than with other similar nanoparticles
(i.e. homoagglomeration).[14–18] Indeed, it was suggested recently
that the heteroagglomeration of nAg was responsible for a decr-
ease in its microbial activity.[19] Therefore, the goal of the present

study was to evaluate the importance of heteroagglomeration in
natural systems by focussing on low nanoparticle to colloid ratios
(1 : 200) and nanoparticle concentrations that may be found in

natural waters. We have focussed on nanosilver, although we
believe that the conclusions can likely be generalised to other
particles with similar surface properties (as opposed to all nAg).
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Most of the available literature on heteroagglomeration has

employed dynamic light scattering (DLS) and transmission
electron microscopy (TEM),[17,19–21] often using fairly high
concentrations of nanoparticles (which will increase the number

of particle–particle contacts) and high nanoparticle : colloid
ratios. Among the exceptions, attachment efficiencies have
been elegantly determined by combining laser diffraction
and a Smoluchowski-based aggregation model; however, this

approach is only able to model a simplified version of the
heteroagglomeration process.[22,23] Emerging techniques such
as fluorescence correlation spectroscopy (FCS)[24,25] or enhanced

dark-field microscopy with hyperspectral imaging (HSI) analy-
sis[26] offer the possibility of discriminating the nanoparticles
with a high sensitivity, even within complex environmental

matrices. In FCS, fluorescence intensity fluctuations are used to
measure the diffusion of labelled molecules or particles through
an optically defined confocal volume (10�15 L)[24] (only nano-
particles are labelled and followed). Diffusion coefficients are

determined by fitting an experimentally determined autocorre-
lation function with a 3D Gaussian model[24,25,27] and the
hydrodynamic diameters of the labelled particles are calculated

from the diffusion coefficients using the Stokes–Einstein equa-
tion.[25,27–29] Enhanced dark-field microscopy with HSI is a
non-invasive technique that measures the light scattered by

particles, including nanoparticles.[26,30,31] The measured spec-
tral signature of the scattered light (determined on a pixel by
pixel basis) can be used to determine the nature, size and shape

of the particles, and spectral signatures can be used to map
nanoparticles in a given sample.

Materials and methods

Particles

Two different types of ultrasmall (nominally ,10 nm) silver

nanoparticles were studied. Polyacrylic acid-coated nanosilver
(nAg-PAA) was purchased from Sciventions (Toronto, Canada)
whereas a citrate-coated nanosilver (nAg-cit) was produced in-

house. The nAg were covalently labelled with a fluorescent dye
to allow their detection at low concentrations using FCS
(labelling protocols and particle characterisation after labelling
are provided in the Supplementarymaterial). The nAg-PAAwas

labelled on the carboxylic acid functional groups with Alexa
Fluor 488� whereas the nAg-cit was labelled on the particle
surface using rhodamine red. For a limited number of experi-

ments, a larger nAg (nominally 22 nm) was purchased from
Nanocomposix (San Diego, USA; AGCB20). Quantification of
the stock solutions of labelled silver nanoparticles was performed

using flame atomic absorption spectroscopy after digestion in
concentrated HNO3.

A 25% (w/w) dispersion of colloidal SiO2was obtained from

US Research Nanomaterials Inc. (Houston, USA). Clay parti-
cles (SWy-2: Na-rich, montmorillonite) were purchased from
the Clay Minerals Society (Chantilly, USA).[17] The colloidal
clay dispersion was prepared by adding a large excess of

montmorillonite to Milli-Q water, shaking rigorously and
then allowing the large particles and aggregates to sediment
(4 months). The concentration of colloidal clay in the superna-

tant was determined by gravimetric analysis by first drying it for
24 h at 37 8C and then placing it in a desiccator for 24 h.
Hydrodynamic diameters of the colloids were measured using

DLS at a concentration of 100 mg L�1 whereas the initial sizes of
silver nanoparticles were determined by TEM (Supplementary
material).

Sample preparation

Synthetic media used in the experiments were prepared by

diluting stock solutions of the colloids and nanoparticles into a
pH- and ionic strength-adjusted medium and then letting the
samples equilibrate overnight (16 h). pH was re-adjusted, if

necessary, by adding small quantities of 0.1 M HNO3 or 0.1 M
NaOH. Ionic strength was adjusted using calcium nitrate tetra-
hydrate (99 %, Sigma–Aldrich). Unless otherwise noted,
nanoparticle samples had a concentration of 50 mg Ag L�1 and

colloidal suspensions were used at 100 mg L�1.
For experiments using natural waters, water from the Des

Prairies River was sampled on 13 April 2015 and filtered over

0.45-mm sterile nylonmembrane filters (Fisherbrand, 09–719D)
in order to remove the large particles. The major characteristics
of the water (major ions, organic carbon content, pH) are

provided in the Supplementary material (Table S1).

Fluorescence correlation spectroscopy

FCS measurements were performed on a Leica TCS SP5 con-
focal microscope using a 63� objective. Rhodamine 123
(5, 10 nM) was freshly prepared before measurements and used

to calibrate the confocal volume based on its known diffusion
coefficient of 4.40� 10�10 m2 s�1.[32] Calibration was repeated
every six samples. Each sample was measured 10 times using a
100-s acquisition time. Data from the 10 measurements were

combined in order to determine a single value of the diffusion
coefficient using a 3D Gaussian model (ISS Inc., Champagne,
USA; Vista 3.0). Means and standard deviations were deter-

mined from independently prepared triplicate samples.

Enhanced dark-fieldmicroscopywith hyperspectral analysis

The use of hyperspectral imagery with enhanced dark-field

microscopy has been shown to be a useful technique for iden-
tifying nanomaterials, especially nAg and nAu, in complex
matrices.[33] Under dark-field conditions, the nanoparticles are

significantly brighter compared with a classical optical micro-
scope. Their scattered light is detected on a pixel by pixel basis,
providing both spatial and spectral data (under conditions
employed here, pixels were ,160 � 160 nm). A visible–near-

infrared spectrophotometer (Cytoviva Hyperspectral Imaging
system, Auburn, AL) integrated onto a dark-field transmission
optical microscope (Olympus BX43) was used in order to

characterise the heteroagglomerates. Images were collected
with an Andor Ixon3 camera using a 100� objective and pro-
cessed using ENVI 4.8 software (purchased through Cytoviva)

using the following steps: (1) correction of specimen spectra for
lamp effects; (2) collection of spectra from pure samples
(nAg, SiO2, clay) to establish spectral libraries; (3) determina-

tion and localisation of nanoparticles and colloids in samples
using a spectral angle mapper (SAM) classification algorithm
(SAM ¼ 0.25). This value of SAM was set in order to identify
nAg particles even if there were fairly important changes to their

spectra. In contrast to the FCS experiments, nanoparticle con-
centrations were increased to 1 mg L�1 to facilitate their
detection (added colloids remained at 100 mg L�1). Following

overnight equilibration, 5 mL of aqueous sample was placed on a
microscope slide under a coverslip for observation.

Electrophoretic mobility and dynamic light scattering

Electrophoretic mobility (EPM) and DLS measurements were
performed using a Mobius light-scattering instrument (Wyatt
Technology, Santa Barbara, USA). DLS measurements were
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used to characterise hydrodynamic diameters of the natural

colloids whereas electrophoretic mobilities were measured for
both the nanoparticles and colloids. Phase-analysis light scat-
tering was used to determine electrophoretic mobilities using an

acquisition time of 15 s, an electric field frequency of 10.0 Hz
and a voltage amplitude of 2.5 V. For DLS, the acquisition time
was 5 s (repeated 3 times). Samples were measured in triplicate
at a fixed temperature of 20 8C. Light scattering was performed

using 100 mg L�1 of the colloidal particles and 5 mg L�1 of the
nAg.Dynamics 7.2.4 software (Wyatt Technology, SantaBarbara,
USA) was used for data acquisition and data treatment.

Results and discussion

Particle labelling

In order to isolate the signal of the nanoparticle from that of
the natural colloids, it was first necessary to covalently label the

nAg using amethod that was asminimally perturbing as possible
(Fig. S3). Because FCS is a single-molecule detection tech-
nique, only a small amount of fluorescent dye was required on

the nanoparticle surface. A covalent label was used in order to
ensure that the fluorescent label could not easily be desorbed
from the nAg surface (Fig. S6). Physical diameters and elec-

trophoretic mobilities were determined on the natural colloids
(Table 1; Figs S1, S2) and the labelled nAg and non-labelled
nAg (Table 1; Figs S4, S5, S7, S8). No significant differences
were observed between the properties of labelled and non-

labelled particles.

Heteroagglomeration of the nAg-cit

Average hydrodynamic diameters of the nAg-cit (50 mgAg L�1)

were measured by FCS over a wide range of added Ca
concentrations, in the presence or absence of 100 mg L�1 of
colloidal SiO2 or clay particles (Fig. 1). Recall that the colloidal

particles are not measured by FCS unless they interact with a
fluorescent nAg. Therefore, any increase in diameter indicates
either homoagglomeration of the nAg or heteroagglomeration of

the nAg with a colloidal particle. Indeed, at pH 7.0, in the
absence of the colloidal particles (homoagglomeration; grey
circles, Fig. 1), the sizes of nAg-cit increased as Ca increased
from10�7 to 10�5M.Above 10�5MCa, the average diameter of

the nAg decreased, but this was likely due to increased sedi-
mentation of the largest nAg (as observed by a decrease in the
overall fluorescent signal; Fig. S9a). Indeed, the overall fluo-

rescence intensity in the nanoparticle suspensions decreased by
63 % as the ionic strength increased from 10�7 to 10�2 M Ca.

When 100 mg L�1 of colloidal SiO2 was added to the nAg

(blue squares, Fig. 1a), a similar result was observed. Generally,
average particle sizes were slightly larger in the presence of
SiO2 (significant differences observed for all Ca concentrations

except for 10�6 and 10�5M; Student t-test, P, 0.05).When the
larger clay particles were added to similar suspensions of nAg,
clear and significant increases (Student t-test, significant at
P , 0.05 for all Ca concentrations) to the particle sizes were

observed, although because of the larger polydispersity of
the clay colloids, larger error bars were also associated with
the sizes of the heteroagglomerates. Note that in both hetero-

systems, the average hydrodynamic diameter of the nAg did not
attain the size of a single colloidal particle (Table 1), strong
evidence that some of the nAg did not react with the colloids.

Indeed, other data treatment algorithms allowing multiple
populations of particle sizes were unable to distinguish between
unagglomerated and heteroagglomerated nAg, probably owing

to the large polydispersity of the colloidal system. In summary,
in the absence of colloidal particles, there was evidence for
limited particle (homo)agglomeration, even at the low particle

concentrations of 50 mgAg L�1; however, for all values of water
hardness, larger nAg diameters (i.e. smaller diffusion coeffi-
cients for the fluorescent nAg) were observed when colloidal

particles were added to the waters.
In order to confirm the importance of the natural colloids on

heteroagglomeration, the size of the fluorescent nAg was

followed for a single hardness ([Ca] ¼ 5 � 10�7 M) but for an
increasing concentration of colloidal particles (Fig. 2).
Measured sizes of the nAg increased when both colloidal SiO2

(blue circles) and colloidal clay (red squares) were added.

For example, the average hydrodynamic diameters of the

Table 1. Characterisation of nanoparticles and colloids used in the

fluorescence correlation spectroscopy (FCS) studies

Hydrodynamic diameters of the labelled nanoparticles were determined by

FCS whereas dynamic light scattering (DLS) was used for the unlabelled

colloids. Data were acquired at pH 7.0, ionic strength ¼ 1 mM. nAg-cit,

citrate-coated nanosilver; nAg-PAA, polyacrylic acid-coated nanosilver

Particle Average hydrodynamic

diameter (nm)

Electrophoretic mobility

(10�8 m2 s�1 V�1)

SiO2 18.5� 0.4 –2.3� 0.2

Clay 550� 23 –1.7� 0.1

Labelled nAg-cit 3.5� 0.3 –1.6� 0.2

Labelled nAg-PAA 2.7� 0.3 –3.4� 0.3
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Fig. 1. Agglomeration and heteroagglomeration of citrate-coated nano-

silver (nAg-cit) in the absence (grey circles) or presence of (a) 100mgL�1 of

colloidal SiO2 (blue squares); or (b) colloidal clay (red diamonds) at pH 7.0.

Measurements were obtained by fluorescence correlation spectroscopy and

represent the average hydrodynamic diameters of the labelled nAg. The

addition of colloidal particles resulted in a significant difference (Student’s

t-test, P , 0.05) in the average hydrodynamic diameter for all Ca concen-

trations except for 10�6 and 10�5 M (SiO2) (a).
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nAg-cit increased from 3.5 nm (absence of colloids) to 57 nm in
the presence of 50 mg L�1 SiO2 and 104 nm in the presence of
50 mg L�1 of the clays. Average sizes did not appear to vary

further for increasing additions of either of the colloidal
particles above 50 mg L�1, likely owing to the low nanoparticle
to colloid ratios that would have been present (e.g. ,1 nAg

for 27 SiO2; estimates based on particle densities and the
Stokes–Einstein equation).[34]

Heteroagglomeration of the nAg-PAA

The stability of a second (labelled) nAg (nAg-PAA) was
examined over a large range of added Ca concentrations, in the
presence or absence of 100 mg L�1 of SiO2 or 100 mg L�1 of
clay particles. As above, hydrodynamic diameters were deter-

mined for 50 mg Ag L�1 of the labelled nAg-PAA. In contrast to
the nAg-cit, no increase in hydrodynamic diameter was
observed across the entire range of examined Ca concentrations

(10�7–0.3 M Ca; grey circles, Fig. 3a). Furthermore, in the
presence of colloidal SiO2, no decrease in nanoparticle stability
was observed (blue squares, Fig. 3a), even though there was

visible agglomeration (homoagglomeration) and sedimentation
of the SiO2 (brown triangles, Fig. 3a) above 10�2 M Ca.[18]

In other words, under these conditions, homoagglomeration
of the colloidal SiO2 was independent of any (lack of) hetero-

agglomeration of the nAg. Even at extremely high (and no
longer environmentally relevant) Ca concentrations, where
significant screening of the particle charge would occur, the

nanoparticles were predominantly found as isolated nano-
particles. Similar results were observed at pH 5.0 even though
the protonation of the carboxylic groups should have weakened

the electrostatic repulsion among the particles (Fig. S10).
Although we have no other literature data on these specific nAg-
PAA, the observations are consistent with data obtained for

empty PAA shells (allospheres) from the same manufacturer,
where it was shown that they were extremely stable over a wide
range of ionic strengths (20–1000 mM) and pH (5.0–8.0).[35,36]

Although average nanoparticle sizes did not increase across

the entire range of Ca concentrations, Fig. 3a was analysed
under the assumption of a single particle size. In FCS, more
polydisperse systems can also be examined using a minor

component analysis, which focuses on the tail of the particle

size distributions.[37] Although these data are necessarily less
accurate owing the smaller numbers of analysed particles,
analysis indicated that a small proportion of the nanoparticles
(,5 %) was significantly larger in the presence of both the

SiO2 (blue squares, Fig. 3b) and the colloidal clay (red
diamonds, Fig. 3b) compared with their absence (grey circles,
Fig. 3b). These results suggest that for a small fraction of the

nAg, some heteroagglomeration was occurring, but that it was
not quantitatively important and only observed at extremely
high Ca concentrations (.10�2 M) in the presence of high

colloidal SiO2 concentrations (100mg L�1). In this case, minor
component analysis also showed that a quantitatively small
interaction was occurring with the colloidal clay particles,
because a small proportion of the nAg-PAA was much larger

than the results observed for the suspensions without clays.
Nonetheless, for this nanoparticle, most of the particles were
highly stabilised, at pH 5.0 or 7.0, across a wide range of ionic

strengths.
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Fig. 2. Role of the concentration of colloidal SiO2 (blue circles) and

colloidal montmorillonite (red squares) on the hydrodynamic diameters of a

fluorescently labelled citrate-coated nanosilver (nAg-cit), obtained using

FCS (5 � 10�7 M Ca, pH 7.0).
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Fig. 3. (a) Hydrodynamic diameters of 50 mg of polyacrylic acid-coated

nanosilver (nAg-PAA) at pH 7.0 over a large range of calcium concentra-

tions in the absence (grey circles) and presence (blue squares) of 100mg L�1

of SiO2 particles and presence (red diamonds) of 100 mg L�1 of clay

particles. Colloidal SiO2 suspensions were also measured by dynamic light

scattering in the absence of nAg-PAA (brown triangles). Similar data

obtained at pH 5.0 can be found in the Fig. S10. Results in (a) were obtained

under the assumption of a single component. (b) Reanalysis of the fluores-

cence correlation spectroscopy (FCS) data under the assumption of a two-

component system. In (b), hydrodynamic sizes are presented for the minor

component only, which corresponded to less than 5 % of the total particle

numbers. Analysis of the major component gave a diffusion coefficient that

was not significantly different from the unagglomerated nAg.
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Dark-field microscopy

In order to confirm that heteroagglomeration was occurring

among the nAg-cit and the colloidal particles, further analysis
was performed using dark-field microscopy using HSI.[26,38,39]

Although dark-field microscopy is a powerful technique for the

pixel-by-pixel localisation of nanoparticles of the noble metals,
the small particles employed above were below the detection
limits of the instrument. Therefore, a larger (hydrodynamic
diameter of 22 � 2 nm), commercially available, citrate-coated

nAg was employed for dark-field analysis (Fig. 4a). Numerous
spectra (each corresponding to a single pixel of,160� 160 nm)
were obtained (Fig. 4b, c, library 1). As seen previously,[38,40]

the distinct, fairly narrow spectral peaks of the Ag result from an
enhancement of the scattered light due to its plasmonic reso-
nance, which has been shown to shift to longer wavelengths

(i.e. red shift, Fig. 4c) with increasing particle size.[26,31]

The observation of numerous colours and numerous maxima

in the spectra is highly indicative of a range of particle sizes
(i.e. polydisperse sample). Dark-field images and hyperspectral
libraries were also obtained for the clay colloids alone (Fig. 4d,

e, library 2) and for nAg in the presence of the clay colloids
(Fig. 4f, g, library 3). In the latter case, narrow spectral peaks,
strongly indicative of the nAg, could again be observed;
however, when the spectral library for the nAg (library 1) was

used in order to map nanoparticles in the colloidal mixtures at
1 mM (Fig. 4h) or 50 mM Ca (Fig. 4i), only a few nAg could be
identified. The presence of peaks that were clearly nAg, but that

could not be identified using the conservative values of SAM
(0.25) is a strong indication that the optical properties of the nAg
changed owing to an interaction with the colloidal montmoril-

lonite (Figs S11, S12). A similar result was observed for nAg-cit
in the presence of SiO2, except that even fewer points

(a) (b) (c)

(d ) (e) (f)

(g) (h) (i)

450

0 0

1000

2000

3000

4000

5000

500 550
Wavelength

Spectral library plots Spectral library plots

V
al

ue

600 650 700 450 500 550
Wavelength

600 650 700

450 500 550

Wavelength
600 650 700

Spectral profile

Spectral library plots

0

1000

1500

500

2000

V
al

ue

500
Wavelength

600 700 800 900 1000

0

4000

6000

8000

2000

10000

5.0�10
3

1.0�10
4

1.5�10
4

2 µm2 µm

2 µm2 µm

2 µm

Fig. 4. Dark-fieldmicroscopy and hyperspectral analyses of the citrate-coated silver nanoparticles (nAg) (22 nm) and the

colloidal clay: (a) stock solution of the nAg at 1 gL�1; (b) spectral library builtmainly from the blue nAg particles observed

in (a); (c) spectral library built from remaining nAg particles. The two spectral libraries were combined for the mapping of

nAg (library 1); (d) 100 mg L�1 of colloidal clay in 1 mM Ca at pH 7.0; (e) spectral library for the clay generated from

(d) (library 2); (f) supernatant after 3 h of sedimentation for a mixture of 1mg L�1 of nAg and 100mgL�1 of colloidal clay

in 1 mMCa at pH 7.0; (g) spectral library for the nAg generated from (f) (library 3); in (h) and (i), mapping was generated

by assigning pink to pixels that were identified using library 2 (clays) and yellow to the pixels corresponding to library

3 (nAg); (h) mapping of 1 mg L�1 of nAg and 100mg L�1 of colloidal clay in 1 mMCa at pH 7.0; (i) mapping of 1 mg L�1

of nAg and 100 mg L�1 of colloidal clay in 50 mM Ca at pH 7.0.
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corresponding to the nAg could be identified following the
mixing of the two particle types (Fig. S13). Nonetheless, results
from the dark-field microscopy clearly indicated that interactions
were taking place between the nAg and the colloids: (i) spectra

were clearly different and usually red-shifted with respect to
spectra obtained in the absence of the colloids; (ii) spectra in the
presence of the (polydisperse) clays indicated far greater variation

of thewavelength of the peakmaxima (Fig. 4g) thanwas observed
in the presence of the SiO2 (Fig. S13e); (iii) when the spectral
libraries from the mixture supernatants (library 3) were used to

map the nAg, particles appeared to closely co-exist with the
colloidal clays (Fig. 4h, i).

Natural waters

Finally, a small volume of the larger nAg-cit was spiked into a
filtered (0.45-mm)water sample taken from theDes PrairiesRiver
(Laval, Quebec). For 50 mg L�1 of fluorescently labelled nAg-cit,
nanoparticle sizes obtained in the natural waters were clearly

larger than those obtained in Milli-Q water (Table 2, Fig. S14),

a result that could be attributed to either homo- or hetero-

agglomeration of the nAg-cit. However, when 1 mg L�1 of the
nAg-cit was added to the natural water (Fig. 5a), it was possible to
identify the particles either by image enhancement (Fig. 5b) or by

using the spectral library that was generated previously from the
nAg in the supernatant of the colloidal montmorillonite (i.e.
library 3). As above, nAg was often found in contact with the
colloidal particles in the natural samples (Fig. 5c, d). The obser-

vations of the larger sizes (FCS) and the nAg–natural colloid
interactions (dark-field microscopy) strongly indicate that
heteroagglomeration rather than simply homoagglomeration was

occurring in the natural water.

Conclusions

The environmental risk posed by nanomaterials is strongly linked
to their agglomeration and dissolution in the environment, which
will directly affect their mobility and bioavailability. For low

nanoparticle concentrations and low nanoparticle-to-colloid
ratios, heteroagglomeration rather than homoaggomeration is
most likely to control particle fate. Nanoparticle sizes were

generally larger in the presence of natural colloids, resulting from
the interaction of multiple particle types, which could potentially
lead to their sedimentation in receptor environments.[15,16,18,41]

Nonetheless, as shown above, the particle coatings of these novel
materials played a key role in determining their physicochemical
stability.[1,5,7,8] For the PAA coating, nAg remained extremely

stable in the water column, even in the presence of substantial
agglomeration of the surrounding colloidal particles. Although
the role of the chemical reactivity of the nanoparticles
(e.g. sulfidation, adsorption of natural organic matter) was not

studied here, these transformations will also clearly play a role in
modulating their interactions with the colloidal particles and will
need to be studied further.[42] Although the analytical techniques

used here had some limitations, mainly due to the high hetero-
geneity of the complex systems, their ability to follow the nano-
particle label is an advantage over non-specific techniques such as

DLS. Although it would be extremely desirable to determine
heteroagglomeration sticking coefficients using FCS, these
measurements are noisier than those obtained in DLS, owing to
the single-particle nature of the measurements. Nonetheless,

measurements of average particle sizes showed that, under the
conditions of the study, not all of the nanoparticles underwent
heteroagglomeration, even under conditions where there was

destabilisation of the natural colloidal particles. For the low
concentrations of nAg examined here, homoagglomeration was
extremely limited and unlikely to be relevant in natural systems.

It is clear that nanoparticle behaviour and fate cannot be under-
stood without taking into account the roles of many of the
important natural components of the natural systems.

Supplementary material

Characterisation of the colloidal suspensions, labelling and
characterisation of nAg, losses of fluorescent nanoparticles over
time, heteroagglomeration at pH5, additional images acquired by
dark-field microscopy, and raw FCS data for the nAg in the river

water are available from the journal online (see http://www.
publish.csiro.au/?act=view_file&file_id=EN16070_AC.pdf).
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Table 2. Average size of 50 lg L21 citrate-coated nano-

silver (nAg-cit) (Nanocomposix AGCB20) in Milli-Q

water and in water from the Des Prairies River

Water type Average hydrodynamic diameter

determined by fluorescence

correlation spectroscopy (FCS) (nm)

Milli-Q water 16� 3

Natural water 28� 3

(a) (b)

(c) (d)

2 µm2 µm

2 µm 2 µm

Fig. 5. Dark-field microscopy and hyperspectral analyses of the citrate-

coated nanosilver (nAg-cit) (22 nm) spiked into natural water at a concen-

tration of 1.0 mg L�1. (a) Dark-field microscopy of the natural water;

(b) dark-field microscopy of 1 mg L�1 of nAg in natural water, using image

enhancement (square root) to bring the nAg into near field; (c) mapping of

nAg and the colloidal particles in the natural water using the libraries

generated for the model samples: library 2 (clay particles, Fig. 4e, pink

pixels) and library 3 (nAg, Fig. 4g, yellow pixels); (d) magnification of

identified area in image (c).
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