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Abstract: Asymmetrical flow field-flow fractionation (AF4) is a powerful technique employed for the separation 
of macromolecules, nanoparticles, and their assemblages according to their hydrodynamic behavior. It is well 
known that at this size range, complex interactions can occur between components (e.g. surface adsorption, 
aggregation) controlling the fate of trace metals (TMs) bound to them. AF4 coupling to inductively coupled plasma 
mass spectrometry (ICP-MS) allows the quantification of metal-containing species at trace levels present in 
environmental and biological systems on a size-composition basis. The combination of AF4-ICP-MS with other 
online detectors provides additional information that allows the assessment of the origin of analytes present 
in mixtures and complex matrixes with minimal sample preparation, which is crucial for understanding the 
behavior of trace metal contaminants. Despite the increasing use of AF4-ICP-MS in environmental contexts, 
we acknowledge that the quantification of inorganic species using such combined techniques requires further 
development of standardized procedures and need certified reference materials. In this review, we also discuss 
critical endpoints within the ICP-MS instrument coupled to AF4 that need to be controlled before quantitative 
measurements can be validated. Then, we illustrate how the combination of different online detectors in addition 
to ICP-MS offers an integrated picture of natural components states, thus providing key information on the 
changes in behavior of trace metal species and metallic nanoparticles (MNPs) as observed in both environmental 
samples and biofluids.
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1. Introduction
Determining the physicochemical speciation of trace metals 

(TMs) is a central topic in inorganic biogeochemistry, as various 
chemical and physical forms exhibit different fate, bioavailability, 
and impact on aquatic environments. Indeed, TMs exist in different 
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Combined on-line with different detectors, it is used for a 
comprehensive characterization of nanoparticles and biopolymers, 
from proteins to large polysaccharides in their native or aggregated 
forms, as previously reviewed[16] and is a well-established 
technique for the characterization of natural organic and inorganic 
colloids.[7b,17]  Fig. 1 describes the different steps, principles and 
limitations occurring during sample fractionation by AF4 and 
how the information obtained by the different detectors allows the 
characterization of macromolecules and MNPs found in natural 
systems.

AF4 provides some advantages as compared to other size 
separation techniques, for the online ICP-MS analysis of low 
concentrations of analytes: (i) minimal exposure of the analytes to 
surfaces that lessens their loss, (ii) possibility to separate analytes 
in mobile phases appropriate for ICP-MS,[20] (iii) minimizing 
sample handling thus decreasing the risk of metal contaminations 
of the samples, and finally, (iv) allows the introduction of large 
volumes in the channel (up to 100 mL) given the initial focusing 
step during sample injection,[21] improving the detection limit of 
trace components.[22] 

The present paper focuses on the determination of metal 
species in the size range between 300 Da and 450 nm encountered 
in environmental and biological systems. We first provide an 
overview of the current main challenges for the quantitative 
use of AF4-ICP-MS for the size-based characterization of 
TM components in aqueous systems and discuss the existing 
solutions. The challenges related to AF4 separation/resolution  
and the potential loss of analytes were investigated by other 
authors. [18a,19,23] Thus, we will focus more specifically on the 
potential key parameters that must be controlled to ensure the 
correct quantification by the ICP-MS of the fractionated metal-
species. Then, we will provide different illustrations of the 
multidimensional information obtained with the use of series of 
online detectors that allows simultaneous quantification of these 
species according to their size and their nature. Such information 
is central for understanding their physicochemical speciation and 
thus their reactivity and impacts in aquatic environments and 
biofluids.

2. Challenges and Solutions for Inorganic Species 
Quantification from ICP-MS Fractograms

Metal fractograms are obtained via time-resolved data 
acquisition. Thus, when metal species elute from the AF4 channel, 
transient time-dependent signals forming peaks are recorded. 
Although well-established, AF4-ICP-MS suffers from a lack of 
rationalization for the handling of the connection between the 
separation channel and the ICP-MS, which often operates in a 
‘home-made’ way.[24] Different types of ICP-MS instrument can 
be used as online detectors, each having its own characteristics 
in terms of sample introduction and m/z selectivity to avoid 
interferences for elemental detection. Ultimately, the measured 
ion signals are assumed to represent the respective metal 
concentration in the eluent and a suitable calibration strategy 
needs to be employed. Additionally, low concentration of natural 
nano-sized species can make their detection a challenge.

2.1 Internal Standard and Interferences for m/z 
Detection 

The use of an internal standard (ISTD) with an online introduction 
to monitor the drifts of ICP-MS sensitivity during analysis is often a 
warranted control for quantitative analysis of the total concentration of 
metals. Considering that the pressure during AF4 fractionation could 
change because of different fluxes engaged from focusing-elution-
releasing steps, the stability of the ICP-MS signals can potentially 
be affected during the analysis. Numerous examples where online 
mixing of the outflow with internal standards stabilized in nitric acid 
(often Re and/or Rh in 2–5% HNO

3
) are available in the literature. 

chemical forms such as ‘free’ metal ions, metal bound to small 
inorganic and organic ligands, bound to or included into small 
metal-containing clusters (SMC), amorphous precipitates, nano-
sized particles (MNP), or soft-colloids (e.g. humic substances, 
HS), and finally bound to extracellular polymeric substances 
(EPS; e.g. polysaccharides, proteins, DNA, etc.) released from 
microorganisms.[1] The reactivity of different TM forms, their 
transformations via complexation, adsorption, dissolution, 
aggregation, their biological availability and thus their ultimate 
impact in the environment are dependent on their physicochemical 
speciation.[2]

The chemical speciation of ‘dissolved’ TM species has received 
substantial attention in past decades, thanks to the development of 
chromatographic techniques coupled to ICP-MS, combined with ESI-
MS/MS.[3] In contrast, the physical speciation and the implication of 
(nano-) particulate forms with regards to their reactivity is largely 
unexplored,[1b,2b,4] due most likely to the lack of suitable techniques 
to characterize them. Rather limited in terms of size resolution, 
ultrafiltration (UF) or dialysis techniques, combined off-line with 
ICP-MS to measure the concentrations of TMs, are most often used 
to assess the proportion of colloidal metal forms and provide discrete 
molecular masses (MM) or size distributions in natural waters. [5] 
However, losses of colloidal components and metal species by 
adsorption on the membranes have been reported.[6]

Several other analytical methods based on different principles 
also exist to characterize the natural and engineered MNPs.[1a,7] For 
example, imaging techniques for the structural characterization 
of inorganic colloids, including light microscopy, electron 
microscopy, X-ray diffraction analysis, EXAFS, etc., are well-
developed.[5e] Despite providing important structural information 
for evaluating the reactivity of inorganic-colloids, the lack of 
sensitivity makes them often inappropriate for the study of low 
concentrations of TMs bound to supramolecular, carbon-based, 
or colloidal carriers in natural aquatic environments.[8] The 
detection at low environmental concentrations of MNPs can be 
achieved using a single-particle ICP-MS (sp-ICP-MS) that can 
provide useful information on NPs aggregation, large colloids 
aggregation, and hetero-aggregate composition.[9] The detection 
limit in size with most commercially available ICP quadrupoles or 
time-of-flight mass detectors is usually limited for the elemental 
characterization of small MNPs (with diameter below 10 nm). [10] 
But recent developments on sector-field mass detectors, and 
use of optimized sample introduction procedures has led to an 
improvement in size detection limit.[11] sp-ICP-MS does not 
allow, however, a direct measurement of TM complexation by 
macromolecular species such as HS or TMs adsorption on mineral 
colloids, which are expected to be the most reactive species in 
environmental systems.[12a,b] 

Improved detection limits of size or MM and higher size 
resolution for macromolecular components can be achieved by 
online coupling of different separation techniques with ICP-
MS. The most commonly developed technique for this purpose 
is size exclusion chromatography (SEC), which allows the 
separation of HS, EPS, MNPs from their aggregates according 
to their mobility in a porous gel column.[13] The metal content 
of small soft-colloidal species, such as HS can be measured by 
online ICP-MS.[14] Additionally, small MNPs can be separated 
from HS, according to their size.[15] But such analysis is often 
limited by their low concentrations in the environment and often 
carried out using eluents with high ionic strength or surfactants 
to decrease unspecific interactions with the solid phase of the 
column, which can cause analytes’ losses during the separation. 
It has been shown that the shear forces in the separation column 
can also break macromolecular structures or assemblages leading 
to truncate size distributions for larger analytes.

Asymmetrical flow field-flow fractionation (AF4) separates 
the analytes according to their diffusivity in a thin open channel. 
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of ammonium carbonate as eluent was suspected to enhance the 
signal of As bound to humic substances in natural water samples, 
due to the presence of carbon;[28] isopropanol was constantly 
supplied online before ICP-MS introduction to minimize changes 
in sensitivity caused by the protein corona enrobing Ag-NPs.[29] 
This ‘carbon enhancement’ effect was also used to improve the 
detection of some elements, such as Pt for Pt-NP measurement 
by adding MeOH 2% to the 1mM phosphate buffer pH = 7, SDS 
0.01%, eluent;[30] or the detection of colloidal bound As and Se, 
by adding MeOH 3% to 10 mM NaCl.[31]

Traditional isobaric interferences – also referred to spectral 
interferences[32] – occur either due to similar isotopic mass for two 
different elements (e.g. 204Hg+ and 204Pb+ ) or the same m/z of doubly 
charged ions (e.g. 150Nd++ and 75As+) and combination of elements 
forming polyatomic ions (e.g. 40Ar16O+ and 56Fe+). Several approaches 
can be implemented to discriminate the element from its interference 
depending on the type of applications, as recently reviewed.[33] This 
includes, for example, the reduction of oxides and doubly charged 
ions, the use of multi-isotopes detection, the technical improvement 
of commercial MS by introducing collision/reaction cells before 
quadrupole mass-selection, or in between two quadrupoles (QQQ-

The choice of appropriate carrier liquid for ISTD is very important 
to avoid aggregation, salt deposits, nebulizer clogging, or modified 
atomization efficiency because of online acidification of the eluent 
and the analytes before introduction in the nebulizer.[25] In some 
cases, the carrier-sample mixture can generate toxic by-products that 
needs special waste management to protect users (e.g. use of NaN

3 
as 

bactericide in the eluent). 
It is also known that spectral interferences for m/z detection 

using common quadrupoles occur and need to be considered for 
accurate quantification. Less understood are the non-spectral 
interferences, such as the influence of eluent components (e.g. 
Na+ or carbon introduction) on the ionization within the plasma 
or on the transport efficiency of the sample solution, that can lead 
either to the enhancement or suppression of the ICP-MS signal. 
These phenomena are element dependent and the use of internal 
standards is not always efficient to correct such deviation.[25,26]

The role of non-spectral interferences on element detection 
with AF4-ICP-MS was only taken into consideration in a few 
studies. For example, the sensitivity of Ag detection was enhanced 
when glutathione, but not other thiol-ligands, is used as a stabilizer 
for Ag-NPs in 10–4 M NaOH eluent;[27] the presence of HS or use 

Fig. 1. Schematic representation of the separation (fractionation) of colloidal components (< 450 nm) eluted according to a Brownian mode 
(diffusion-based) in the AF4 channel and followed by multi-detector responses within time (fractograms) allowing their characterization based on 
optical properties (absorbance, fluorescence), elemental composition (ICP-MS) or light scattering properties (dynamic or static light scattering (DLS 
and MALS)). During the injection in the AF4 channel, molecules and ions smaller than the ultra-filtration (porous) membrane size cut-off (minimum 
available, MM < 300 Da) are passing through. Macromolecules and colloids (analytes) are retained on this membrane that forms an accumulation 
wall for the analytes of interest. The components are concentrated at the top of the channel by the action of an inverted flux (focus-flow).The 
separation of the analytes is then performed with a brownian elution mode in the AF4 channel owing to the higher mobility of smaller analytes, 
against the cross-flow applied (diffusion, purple arrows). According to the parabolic rate profile (blue arrows) generated by the combination of the 
elution and the cross-flow (red arrows), small-size analytes are eluted faster than large-size analytes. Their relative hydrodynamic size (diameters, 
dh) or molecular mass (MM) can be obtained by external calibration measuring the retention time (tret ) of individual standards with known dh 
or MM, or their diffusion coefficients evaluated using the AF4 elution theory. During the injection step, several artifacts can arise, such as in-
channel aggregation or adsorption due to the increased concentration of analytes and interactions with the membrane. The recovery of each 
analyte depends on several factors (e.g. eluent ionic strength, presence of counter-ions, mass loading, cross-flow strength, and so on). Both the 
assessment of analyte loss and the size determination by AF4 can be difficult due to the diversity of natural components reactivities and eluents 
suitable for their elution, as compared to the behaviors of available standards.These points have been reviewed and discussed by several authors 
in the past.[18] The use of absorbance detectors (UVvisD) or refractive index detectors (RID) is often employed for evaluation of analyte quantities. 
The fluorescence detectors (FluoD) are highly selective for detecting and deciphering the nature of organic components. The ICP-MS is by far the 
most selective, sensitive, and quantitative method for detection of species containing metal(-loids). The direct measurements by online dynamic 
light scattering (DLS) of hydrodynamic diameter (dh), or by static multi-angle light scattering (MALS) of MM or gyration diameter (dg) can be provided 
if the analytes are sufficiently concentrated and/or large. Provided that the dg is obtained by MALS, then shape factors can be derived based on 
their hydrodynamic behavior. Discussion concerning the relative sensitivity/selectivity of each of the detectors can be found in refs [7a,19].  In 
the particular case of ICP-MS, the detection is performed following several steps: sample introduction, nebulization/transport, plasma 
atomization/ionization, quadrupole mass/charge (m/z) separation. Each step could be affected and thus lead to uncertainty in the measurements 
obtained by AF4-ICP-MS and will therefore be discussed in this review.
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in natural environments, ICP-MS calibration is often performed 
using their ionic counterparts obtained either by dilution of 
certified ionic single- or multi-element standard solutions.[42]

Trace cations are however often unstable in the eluents used 
commonly for AF4 fractionation (e.g. sodium chloride, ammonium 
carbonate, ammonium nitrate or biological buffers at neutral or 
slightly basic pH). In most recent AF4 applications, calibrations 
were performed using constantly aspired ionic standards diluted 
in HNO

3
 (+/- HCl, depending on the element) as matrix and with 

continuous signal acquisition. Alternatively, standards can be 
introduced using an injection valve in the flow provided by AF4 
to perform flow injection analysis (FIA) and recording transient 
signals with the ICP-MS. In addition to the difference in sample 
flow rates, changes in the matrix could affect the detection of 
elements by ICP-MS (see section 2.1), and lead to increased bias 
in the quantification of metal concentrations.

We tested three independent ways of quantifying the metal 
content for the peptide metallothionein (MT1) from fractograms 
obtained with the AF4 outflow coupled directly to the nebulizer 
(Fig. 2): using continuous introduction of ionic multi-element 
standards and non-transient time acquisition of the signals 
(external calibration) with dilution made in either (i) 2% HNO

3
, 

or in (ii) 10 mM HEPES pH = 7.0 (2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid, organic eluent for MT1 
optimized fractionation) but supplemented with a chelator 
(2,2',2'',2'''-(ethane-1,2-diyldinitrilo) tetra-acetic acid, EDTA) to 
stabilize cations in solution, and (iii) FIA of EDTA-stabilized 
standards where the outflow of the AF4 was coupled directly to 
the nebulizer ICP-MS. The quantification results obtained for 
66Zn and 111Cd were independent of the calibration methodology 
chosen (Table in Fig. 2).

ICP-MS),[34] or by increasing their mass-resolution (e.g. sector-field, 
recent ToF[35]) to increase the selectivity for the elements of interest.

In recent applications, AF4 was linked to simple quadrupole 
instruments, thus using a low mass-resolution, but complemented 
by reaction cells operating in kinetic energy discrimination mode 
(KED)[36] to remove polyatomic interferences.[37] AF4 can also 
be linked to high-resolution sector-field ICP-MS, and, depending 
on the element of interest and potential interferences, be either 
used at low mass resolving power (R = m/Δm > 300) or higher 
mass resolution (R > 4000), the latter allowing for a wide range of 
spectral overlaps to be resolved from the analyte signal.[22,38] 

Non-spectral interferences will not affect the determination 
of the hydrodynamic size of nano-sized species by AF4-ICP-MS, 
contrarily to those determined by ICP-MS in single particle mode.
[26,39] But a spectral interference, formed from a species eluting at 
another time, can affect the size-speciation of a particular element. 
Both have implications for the quantification of nano-sized metal-
species, and the choice of proper internal standards[40] and/or 
instrumental strategies for elements’ detection must be considered. 

2.2 Unavailability of Certified Reference Materials and 
Calibration with Ionic Species

The connections of the AF4 with the ICP-MS are also 
highly diverse, performed either directly to the nebulizer or 
by connection to a peristaltic pump, with or without a split-
off of the AF4 outflow. Calibration strategies employed for the 
quantification of metal-species involve continuous introduction 
of the standards into the ICP-MS and steady state measurements, 
or flow injection of standards measured in time-resolved way. [41] 
Additionally, due to the lack of colloidal or macromolecular 
certified reference standards for all the inorganic species present 

Fig. 2. Quantification of Cd and 
Zn contents in metallothionein 
(MT1), obtained from the 
fractograms of 111Cd and 66Zn 
recorded by direct coupling of 
AF4 to the nebulizer of the ICP-
MS, using external calibration 
made by continuous aspiration 
of standards prepared either in 
2% HNO3 or in 10 mM HEPES/ 
1mM EDTA (white arrows) or 
via flow injection analysis (FIA) 
with standards prepared in 
10 mM HEPES/ 1mM EDTA 
(dark arrows). The ICP-MS 
acquisition employed KED 
with He as collision gas in an 
octopole collision cell. MT1 was 
fractionated using HEPES 10 mM 
pH = 7.0 as eluent. For the non-
transient acquisition procedure, 
the conversion of elution time (tel) 
into elution volume (Vel) needs to 
be performed before integration 
of the peaks. The quantities (in 
mass) are converted into moles 
to assess the atomic ratio of 
Cd/Zn, which was around 2.6, 
independently of the method 
used and in line with the Zn2Cd5 
stoichiometry of the peptide. 
The recovery of the protein was 
estimated to be 80% of total 
concentrations of the initial 
peptide solution diluted in 2% 
HNO3 and measured by ICP-MS. 
(Unpublished results).
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In the case of Cu2+, as for Zn2+ and Cd2+, the change of matrix 
did not affect the calibrations obtained by non-transient acquisition 
despite of the high carbon loading when HEPES was used (Fig. 
S1A in the Supplementary Information). The non-linear behavior 
of the calibration obtained by non-transient acquisition for Ag+ 
in the eluent/ligand mixture compared to 2% HNO

3
 matrix (Fig. 

S1B) and the absence of quantitative peaks recorded for FIA (Fig. 
S1D) suggested that EDTA was not able to prevent its adsorption 
on the tubing before its introduction into the ICP-MS detector. 
Other calibration strategies were adopted in the past: (i) use of 
FIA, with increased quantities of certified and well-stabilized 
Ag-NPs in HEPES,[43] (ii) use of external calibration of increased 
concentrations of AgNO

3
 in a 2% HNO

3
 matrix,[44] which were 

both suitable for AF4-ICP-MS evaluation of Ag size-speciation 
using HEPES as eluent. No matrix effect was attempted for this 
metal. Thus, in the case of soft cations (e.g. Ag+, Hg2+ or Au3+) the 
use of thiol-ligands, known to have a higher affinity than EDTA, 
could be used for their stabilization in neutral solutions (i.e. for 
Au3+ described in section 2.3), provided that they will not result 
in matrix effects (see section 2.1). 

The peristaltic pump of the ICP-MS was used for external 
calibration, but was disconnected for FIA, leading to increase of 
the sample flow rate from 0.33 to 0.7 mL min–1. It appears as if 
the sample flow rate only has a minor effect on the analytical 
results using our ICP-MS set-up. Further experiments need to 
be performed in order to address main parameters responsible 
for such an observation (i.e. ICP gas flow rates, type of spray 
chamber), since variation in sample flow rate is known to affect 
the sensitivity of ICP-MS detection. 

Despite these encouraging results, it has been shown that the 
size/elemental composition of particles, and in some cases, their 
crystalline structure,[25] can affect the atomization/ionization 
of elements in the plasma. Additionally, it was demonstrated  
that the presence of MNP homo-aggregates could also lead to 
noisy signals (spikes) if the detector acquisition time is not 
increased (i.e. from 0.1–0.2s to 0.5–1s).[25] Thus, calibration 
using ionic surrogates, even with matrix-matched strategies 
should be validated using MNPs, to be extended on the entire 
size-range/structure of nano-species as found in natural 
environments.

2.3 Low Concentration of Analytes: Use of Slot-flow 
Technology for In-channel Concentration

The main challenge for high quality quantitative AF4-ICP-
MS analysis is the low concentration of analytes present in 
the natural samples.[24,45] Preconcentration procedures may be 
necessary, but may lead to agglomeration or loss of material 
especially in the nano-sized range.[6a,46] Despite the high 
capacity for large volumes introduction in the classical AF4 

by injection-concentration procedure, the time needed to run a 
single analysis could be excessive[47] (i.e. 10 mL injection takes 
a minimum of 1 h). This limitation could be overcome by using 
slot-flow (split-flow) technology, which offers online analyte 
enrichment by removing the upper part of the eluent from the 
channel, and increases the detected signals, as illustrated in 
Fig. 3

In the specific example shown in Fig. 3, an increase in the slot-
flow flux leading to a theoretical enrichment factor of 2.8, only 
increased the measured nanoparticulate Au by a factor of 1.5 with 
the ICP-MS, but 2.35 for UVvisD detection. The decrease of the 
channel outflow (from 0.7 to 0.25 ml min–1) led also to an apparent 
increase in the retention time of Au-NP and had an enlargement 
effect on the peak distribution for ICP-MS detection. Differences 
in resolution and experimental enrichment factors among the 
different on-line detectors have been already pointed out in the 
past.[47] Only few examples of the use of slot-flow with or without 
preconcentration of the samples, for the characterization of natural 
colloids and their associated TMs are available to date,[31,46]  but 
suggested that higher enrichment factors can be obtained. The 
variability of enrichment factors for ICP-MS detection was shown 
to be dependent on the composition of MNP,[47] and experimental 
enrichment factors were often higher than the theoretical one 
for this study. The signal intensity of ICP-MS we obtained here 
did not change in accordance with theoretical enrichments, and 
was lower than expected. Thus, further developments need to be 
performed in order to increase the benefits of slot-flow uses to 
increase the amplitude of the ICP-MS signal. The use of micro-
flow nebulizers and certainly other types of spray chamber must 
be considered for future optimizations.[42]

The encouraging results presented herein and the evolution 
of commercial ICP-MS detectors for the handling of interferences 
should facilitate the choice of procedure for elemental quantification. 
However, the above examples also show that available ionic 
standard surrogates are not always sufficient to obtain quantitative 
results. The choice of matrix used for cations stabilization in 
solutions, set-up used for the standards introduction and evaluation 
on how particulate-size may affect analytes ionization/atomization 
in complex matrixes need to be investigated. Thus, in the case of 
MNPs or their hetero-aggregates as found in natural water, further 
effort should be made to favor the generation of certified reference 
materials suitable for the optimization of their online concentration 
and size-determination followed by ICP-MS quantification.

3. Selected Examples of the Uses of AF4-ICP-MS in 
Environmental Biogeochemistry and Ecotoxicology 

We illustrate first here the advances made recently in the 
detection and characterization of MNP behavior in environmental 
systems by combining the information obtained from AF4-ICP-

Fig. 3. Effect of increasing slot-
flow rate (0–0.45 mL min–1) on 
the detection of Au-NP dh = 59 
nm by UVvisD (λ = 520 nm, the 
surface plasmon resonance 
(SPR) wavelength) and ICP-
MS (197Au). The quantification 
of the nanoparticulate Au was 
performed in this case using FIA 
of Au3+ ionic standard stabilized 
with 0.1 mM of 2,3-dimercapto-
1-propanesulfonic acid diluted in 
HEPES 10 mM pH 7.0, biological 
buffer used as eluent. Detector 
flow: 0.7 mL min-1 (Unpublished 
results).
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MS and other ‘standard’ online AF4 detectors. Then, we illustrate 
our recent developments in terms of the characterization of ultra-
small colloidal species, and their role on trace metals dispersion, 
the interactions of TMs with bioproducts and implication on 
their bioavailability. Finally, we will discuss the interactions of 
engineered MNP (E-MNPs) with organic matter, leading to the 
formation of ‘eco-’ and ‘bio’-corona, known to alter their eco-
toxicological outputs. 

3.1 Characterization of the Behavior of MNPs
The use of AF4-ICP-MS accounts for early findings on 

the environmental behavior of colloidal species and/or their 
associated trace metals in interconnected watersheds.[48] 
Natural MNPs (N-MNP) are often characterized as nano-
objects with lower UV-absorbing and/or non-fluorescent, 
that elute at higher retention times than HS (see section 3.2). 
For example, in-depth size-based composition and quantities 
of water-extractable N-MNPs in three forest soils and those 
contained in stream waters of the same area were characterized 
by AF4-UVvisD-DLS-ICP-MS, and AF4-OCD (organic 
carbon detector).[49] The presence of three size-fractions was 
identified: (i) an organic-rich fraction, associated to a large 
quantity of Al and some Fe, Mn, most probably composed of 
HS with overlapping small mineral-oxides (d

h
 < 20–25 nm, see 

section 3.2) that is dominant in streams; (ii) an intermediary 
fraction (20–25 nm < d

h
 < 60–70 nm) characterized by the 

presence of Ca and Mn and more visible in streams and soil 
leachates; and finally, (iii) clay minerals (Al/Si) with size 
between d

h
 60–70 nm and ~400 nm, most probably composed 

by oxides and stabilized by organic matter.[37e] The proportion 
and size distribution of clay minerals are greater in soil water 
extracts as they occur in the d

h
 range of 25–240 nm together 

with 240–500 nm fractions.[50] 
Ca-based MNPs, so far largely understudied, have been 

identified and were shown to occur in significant proportion in 
the d

h
 range from 20 to 70 nm fractions in streams located in 

southern Europe.[51] In addition to HS, Ca-based MNP containing 
40% of OC with d

h
 ranging from 30–450 nm were also identified 

as transporters of TM, such as U originating from soils.[52] Most 
of these recent studies revealed that the N-MNP are associated 
with a large proportion of organic carbon, showing the importance 
of organic components in their stabilization, and suggesting that 
more in-depth identification of organic components should be 
done. 

Combining information of size-elemental composition with 
gyration diameter (d

g
) obtained by online MALS measurements 

allows to characterize the changes in the N-MNP shape along 
the hydrodynamic size distribution. A change in the shape factor, 
defined as ρ = d

g
/d

h
, over the time course of elution is useful to 

identify their ability to form large aggregates[53] or to identify 
rod-like shape particles that have higher ρ (2.8) compared to 
a sphere (0.7).[52,54] The recent introduction of the shape index, 
defined as d

g
/d

gs
, that compared the size obtained by MALS for 

the N-MNP (d
g
) and of spherical standards (d

gs
) was used to 

follow the changes of structure of Fe/Al/C-MNP involved in U 
mobilization.[55] This study showed a change in the U-carrier 
MNPs shape, mainly rod-like and with low U/Fe ratio in a 
pond, into newly formed iron-based spherical particles with  
higher U/Fe ratio, when the pond was affected by the 
resurgence of groundwater. The U/Al ratio of rod-like MNPs 
remained stable suggesting that they were originated from soil  
drainage. 

Additionally, the use of the elemental ratio obtained from ICP-
MS was applied to decipher between natural oxides nanoparticles 
and engineered ones e.g. TiO

2
-NPs and CeO

2
-NPs,[56] making 

AF4-ICP-MS a precious tool for assessing the local impact of 
such emerging contaminants. 

3.2 Interaction of Trace Metals with HS and Small 
N-MNP (dh < 30 nm)

The size-based component distribution of trace metals for 
low-size analytes can be quantified with set-ups of maximized 
resolution. This implies that the recovery of low-size components 
must be achieved by decreasing the pore-size of the membrane, 
the AF4 channel thickness can be increased to improve the  
size resolution of separation and combined with signal deconvolution 
procedures to decipher potential overlapping components.[37a–c,45,57] 
Our recent works illustrate the capabilities of AF4-ICP-MS to 
provide more comprehensive information on the size-based 
speciation of trace metals bound to HS and ultra-small colloids, 
thus providing insights into their biogeochemical role.[37b,57] 

Fig. 4 illustrates how the fractograms obtained by different 
detectors can be used jointly to identify the nature of colloidal mercury 
species (Hg bound to HS, nanoparticles or hetero-aggregates) in 
interstitial water of contaminated soil following deconvolution to 
quantify the components’ size distributions. [37b] This study has also 
highlighted that the distribution of Hg-containing species varied 
within the time of the flooding of the soil, and may have implications 
on the retention of Hg in the soil and thus its mobilization into 
the immediate environment, such as a nearby river. Another 
example includes the measurement of ultra-small iron oxides 
nanoparticles (d

h
 <15 nm ) formation under artificial oxygenation 

of anoxic pristine wetland pore water. [57] This had consequences 
on the preferential binding of uranium measured at trace level on 
the different components. Before and after oxygenation, the U(iv) 
was found associated to HS. The changes observed for U size-
speciation were due to the binding of U(vi) to the neo-formed iron-
NP and on HS after oxygenation of the sample. Considering the low 
concentration of Hg or U and the number of particles identified, 
AF4-UVvisD-FluoD-ICP-MS is offering unique possibilities for 
identification of such small nanoparticles (e.g. d

h
 7–15 nm) and TM 

interactions with HS (d
h
 < 3 nm) as measured in these two types of 

samples. In the case of hydrous iron-oxide formation (HFO) upon 
oxygenation of ferrous iron mixed with organic matter including 
HS, the hydrodynamic size of HFO with d

h 
< 30 nm has been 

determined by AF4-UVvisD-ICP-MS, in contrast to batch dynamic 
light scattering (DLS) and to sp-ICP-MS/MS which was unable 
to measure the core-sizes of these ultra-small particles.[58] Indeed, 
AF4-ICP-MS is the technique of choice when changes in redox 
and/or HS content occur in interconnected watersheds and may 
affect trace metal size-speciation.[28,59] AF4-UVvisD-ICP-MS can 
be also used to follow the changes of agglomeration states of HS, 
even at small hydrodynamic size of d

h 
= 0.9–3 nm, due to photo-

alteration,[60] cation promoted aggregation[60] or changes in metal 
binding capacity of HS upon dilution from river to lake.[37a] 

3.3 TMs and Engineered MNPs Behavior in the Pre-
sence of Bio-macromolecules 

Interactions of TMs and E-MNPs with macromolecules 
either outside or inside cells have important outcomes on their 
bioavailability and toxic effects.[2a,61] The use of AF4-UVvisD-
MALS-ICP-MS for the size characterization of EPS produced 
by micro-organisms or purified extracts of bio-macromolecules, 
as well as their metal-binding properties over size continuum 
was thus developed.[62] The preferential binding of TMs for 
low molecular mass (LMM) components, except for Pb that 
additionally binds to high molecular mass (HMM) components, 
was demonstrated. A similar trend was also shown for colloidal 
components of effluents from waste-water treatment plants.[63] 

Some of our results have illustrated the importance of size/MM 
distribution of TMs on the bioavailability of Fe, Pb, and Cd.[62b,c,64] 
The interactions of bio-produced macromolecules, or more 
generally the secretome of microorganisms with E-MNP, have 
rarely been investigated,[65] and even less with AF4-ICP-MS.[24] 

The stability of Ag-NPs in lake water enriched with exudates 
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Fig. 4. Use of AF4-FLuoD-UVvisD-ICP-MS to identify AF4 metal species (>1 kDa) in pore water of mercury-contaminated soil using multi-detection 
linking property-based to elemental composition over size (A) and its use to quantify Hg-species using deconvolution of the Hg signal with two 
different elution procedures (B). The ICP-MS acquisition was done using He as collision gas and KED mode to minimize spectral overlap. The signals 
are presented after base-line corrections. The integration of information provided by the different online detectors allows the determination of the 
nature and composition of metallic species with MM > 1 kDa. The coelution of Hg with the material corresponding to the first peak was attributed 
to its complexation to HS (Hg-HS). HS are characterized by their absorbance at 254 nm (UVvisD, black line) and specific fluorescence (λex = 260 
nm/ λem=470 nm, FluoD, dashed black lines). Their relatively small size (dh = 1.5 nm) obtained by external calibration, together with the strong 12C 
signal characterizing these components confirmed their organic nature, although a 31P signal of low-intensity appears to be coeluted with protein-like 
components. Other Hg species larger than HS were found in such samples with dh ~ 15 nm or dh > 30 nm. Most of the other metals (e.g. Fe, Mn, Cu) 
co-eluted together with HS, are well-known to bind to them in aquatic environments. However, none of the other metals analyzed appear to be co-
precipitated or included in the larger Hg species, thus they are likely made of HgS in nanoparticulate form (Hg-NP), and their larger hetero-aggregates 
are formed with organic material. The latter were released when the cross-flow was turned-off at the end of elution. By decreasing the cross-flow flux 
from 2 mL min-1 to 1 ml min-1, a decrease in resolution between each peak of Hg components is observable. After deconvolution and quantification, 
it can be observed that most of the Hg-NPs were found to be dh < 60 nm, with two types of nanoparticle Hg-NP2 ~ 40 nm and Hg-NP1 ~ 15 nm 
accounting for 15% and 30%, respectively, whereas hetero-aggregates of dh ~ 85 nm only accounted for 4% of total Hg in the sample. Overall, AF4-
mercury measurable species accounted for ~ 70% of Hg in this particular sample (adapted from ref. [37b]).

produced from a cyanobacterium Synechocystis sp was thoroughly 
analyzed[66] using a strategy enabling surface modification of Ag-
NPs to be followed by using AF4-UVvisD on one hand, while 
Ag-NPs dissolution was screened by batch sp-ICP-MS on the 
other hand. The results highlight that the presence of EPS leads 
to the stabilization of Ag-NPs with different surface coatings 
in surface water; however, this finding strongly depends on the 
original coating and size of the NPs. Nevertheless, AF4-UVvisD-
FLuoD-MALS-ICP-MS revealed that citrate-coated Ag-NPs form 
homo-aggregates that dissolve with time in the presence of pre-
concentrated HMM components secreted by Synechocystis sp, on 
which they adsorb to form large hetero-aggregates of size rather 
difficult to determine even with an online MALS (Fig. 5). This 
example illustrates the complexity and difficulties encountered in 
the evaluation of the size of hetero-aggregates and the need to use 

the information of several online detectors for size measurement 
to avoid possible misinterpretation of the obtained results only 
based on analytes retention. 

Changes in coating or the nature of components are known 
to affect the size determination vs hydrodynamic elution of 
analytes in the channel, by modifying membrane interactions 
leading to changes in retention. Such a phenomenon has been 
well-documented for mixtures of Ag-NPs with d = 20 nm and 
individual metalloproteins such as, MT1, superoxide dismutase, 
ceruloplasmin or catalase (MM = 6–250 kDa; d

h
 = 3–13 nm)[43,44] 

promoting/impairing the elution of Ag-NPs or individual thiol-
ligands (MM = 0.121–0.307 kDa)[27] decreasing the retention 
of original Ag-NP. In both cases, however, shifts in Ag-NPs 
retention time agreed with the protein size or MM of thiol-ligands 
suggesting the formation of a bio-corona or coating exchange. 
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Despite this, aggregation depending on protein/ligand properties, 
quantification of proteins, metallic exchanges occurring at the 
metallic cofactor sites, and the dissolution of Ag-NPs can be 
quantitatively assessed via the use of AF4-UVvisD-FluoD-ICP-
MS, leading to important information on mechanisms affecting 
either the catalytic properties of enzymes[43,44] or the biocidal 
properties and toxicological effects of Ag-NPs coated by thiol-
ligands.[67] 

AF4-ICP-MS is also applied in the field of environmental 
nano-metallomics to follow the changes in colloidal stability of 
Ag-NP externally (culture medium) and their fate inside the cells 
after their extraction.[69] In addition, by using biomedical samples 
taken from patients, AF4-ICP-MS measurements were shown 
to give insights on the leaching of metallic nanoparticles from 
prostheses for hip replacement and leached metal adsorption on 
plasmatic proteins at trace level[70] or in plasma metalloprotein 
changes in terms of metal loading, quantities, and aggregation 
when patients are suffering from cancer.[20b]

4. Conclusions and Perspectives 
In this review, we critically discussed the current state-of-

the-art concerning AF4-ICP-MS coupling with an emphasis on 
the existing challenges and possible solutions when this versatile 
technique is used for quantification and size-characterization of 
metal-containing species in complex samples from environmental 
and biological origin. The combination of the separation power of 
AF4, covering a wide range of sizes, with different online detectors, 
shows the great potential of using AF4-ICP-MS for characterizing 
metal(-loid) species and their behavior at low concentrations, 
as found in environmental systems. The hyphenation of AF4 
and ICP-MS benefits from the relatively high separation power 
with no stationary phase (AF4) and low limits of detection with 
elemental selectivity (ICP-MS)[71] making this type of analysis 
attractive in different areas of research from bio-geochemistry of 
inorganic species to nano-metallomics.[7b,72] AF4-ICP-MS is able 
to probe important mechanisms such as ligand or metal exchanges, 
the formation/dissolution of MNPs, corona vs. hetero-aggregates 

Fig. 5 Characterization of large components of the secretome obtained 
from cyanobacterium (EPS>1 kDa, blue lines) and their interaction 
with 20 nm AgNPs (EPSnAg, black lines) by AF4-MD-ICP-MS. Size 
distribution is given in hydrodynamic diameter (dh) obtained by external 
calibration and compared to AgNPs enrobed with d-penicillamine 
(DPENnAg, orange lines). The white areas represent the end of 
separation, with release of unfractionated material. Pre-concentration 
of EPS was performed by using several centrifugal filtrations on a 1 
kDa cut-off membrane of culture medium, from which cyanobacteria 
were removed by centrifugation and filtration (<450 nm), after reaching 
their exponential phase of growth. The HMM fraction contained EPS/
iron-oxides composites, as depicted by elemental 56Fe size-distribution 
obtained from ICP-MS (B). The LMM consisted of proteins, as revealed 
by protein-specific fluorescence signal (FluoD, A). ICP-MS fractogram 
for the elemental detection of 107Ag (C) and UVvisD fractograms to follow 
Ag-NPs based on their SPR properties (UVvisD_nAgSPR, D), show 
the monodisperse distribution of DPENnAg with a peak centered at 
dh = 23 nm and a SPR band at λ = 400 nm, recorded UV-VIS scans. 
Interaction of Ag-NPs with EPS leads to the appearance of a second 
SPR band at λ = 515 nm, indicating that some homo-aggregation 
of Ag-NPs has occurred. The enlarged hydrodynamic size distribution 
of Ag-NPs (15 nm < dh < 200 nm) recorded by these two detectors 
suggests the adsorption of slightly homo-aggregated Ag-NPs onto 
HMM EPS. Quantitative analysis of the Ag signals also indicated that 
dissolution of Ag-NPs occurred. Sizes measured by MALS (E) show 
a deviation from the hydrodynamic elution, without any relationship 
of the dg with estimated dh. As well, when Ag-NP adsorbed on HMM, 
interferences leading to back-scattering of light due to polarizing 
properties of Ag-NPs[68] led to a decrease from dg = 260 nm to dg = 
140 nm for estimated size of these composites. These results illustrate 
the need of online detectors for size measurement and the difficulties 
encountered for the evaluation of size of hetero-aggregates under our 
separations conditions. (Unpublished results).
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formation, and large-scale assessment of dispersion of N-MNP 
and TMs from soil to interconnected watersheds. 

AF4-MD-ICP-MS has grown in popularity because of the 
need to measure the size distributions of inorganic products 
(e.g. antibacterial, additives, etc.) to be able to classify them 
as nanomaterials, considered as emerging contaminants. This 
technique has been proposed to become a state-of-the-art 
complementary method for E-MNPs detection, identification, 
quantification, and further characterization at the early stage of 
investigation in the field.[73] 

The recent improvements in quantitative analysis using AF4-
ICP-MS, however, arose from the need to better characterize 
the diversity of N-MNP composition and were stimulated by 
the increased interest in size-based speciation of phosphorus.
[37e,38b,49–51,74] The use of ICP-MS for absolute quantification of 
C and P online with AF4[37d,e] has also opened new opportunities 
for the simultaneous characterization of elemental compositions 
of inorganic and organic components from macromolecular to 
large aggregates, the latter playing an important role in the 
biogeochemical cycling of trace contaminants. Recent studies 
documented the need for modifying hetero-aggregates isolation 
processes and for optimizing their introduction into ICP-MS 
detectors to achieve better quantification.[75] Another alternative 
could be to develop other modes of elution inside the AF4 channel 
to improve their resolution, since these large components often 
exhibit non-Brownian behavior. This was illustrated for the 
simultaneous quantification of uranium bound to bacteria and 
their released EPS.[76] The changes in shape factors (ρ) obtained 
by MALS could be of help to verify the existence of mixed or 
inverted elution mode (steric vs Brownian) of MNP elution in 
the channel[77] as well as to optimize separation conditions of 
hetero-aggregates.

Additionally, the stabilization of N-MNPs and/or their 
extraction from hetero-aggregates before being fractionated 
by AF4 will help for their better identification.[78] The latter 
could also apply to E-MNP isolation and quantification from 
environmental matrixes.[56b,79] The combination of AF4-ICP-MS 
and sp-ICP-MS also provides a promising approach to better 
characterize the environmental behavior of MNPs, especially 
when composite analytes with the same hydrodynamic behavior 
occur simultaneously.[80] The use of ICP-ToF-MS in sp-ICP-MS 
mode seems to be even more appropriate given its ability for 
deciphering the elemental composition of MNPs on a single-
particle basis,[81] and its recent use as an online detector for AF4 
for characterization of composites E-MNPs.[82]

Organic components were also shown to have played an 
utmost role in natural hetero-aggregates stability in natural 
waters. Improvements must involve a more in-depth identification 
of those found to be associated with MNPs in natural water. 
The off-line uses of other mass spectrometers will be an asset 
to perform this task. The feasibility of coupling AF4 directly 
to ESI-MS/MS was proven for lipidomic applications[83] and 
this type of development may also improve our knowledge in 
new areas of research such as organic-nano-vector potencies or 
micro-nano-plastics behavior characterization in environmental 
and biological samples. 

AF4 has acquired a robust place in its application in the 
pharmaceutical sciences; this has led rapidly to the generation of 
normalized procedures for the analysis of nano-objects (ISO/TS 
21362:2018). Its coupling with ICP-MS should also be further 
rationalized, allowing homogenization of the results acquired by 
different users on complex environmental samples obtained from 
different areas. 
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