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ABSTRACT
Due to the increased applications of engineered elemental metal
nanoparticles (EMNPs) in recent years, increased attention has been
devoted to their release into the environment. EMNPs pose potential
risks to living organisms, including human beings. Hence, the charac-
terization of EMNPs in the environment has gained significant
importance. Among the various techniques reported for the charac-
terization of EMNPs, on-line coupling of flow field-flow fractionation
with inductively coupled plasma mass spectrometry (F4-ICPMS) has
been well established for the simultaneous separation, identification,
and quantification of EMNPs, especially in the complex matrices of
environmental samples. Thus, this review focuses on the specific
advantages of the F4 method, especially the asymmetrical F4 (AF4)
and hollow fiber F4 (HF5) methods, in the separation of EMNPs, the
general development of AF4-ICPMS and HF5-ICPMS techniques, and
recent advances in the application of these hyphenated techniques
in examining the occurrence and transformation of EMNPs in the
environment. Finally, several perspectives on these techniques have
been put forward.
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1. Introduction

Engineered nanomaterials have been widely used in electronics, textiles, cosmetic prod-
ucts, food packing and storage, environmental remediation, medicine, and other indus-
tries due to their extraordinary physical and chemical properties, such as small size
effect, high surface area to volume ratio, surface and interfacial effects, quantum size
effect, dielectric confinement effect, and macroscopic quantum tunneling effect.[1–4]

CONTACT Zhiqiang Tan zqtan@rcees.ac.cn State Key Laboratory of Environmental Chemistry and Ecotoxicology,
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, China.
� 2021 Taylor & Francis Group, LLC

APPLIED SPECTROSCOPY REVIEWS
2023, VOL. 58, NO. 2, 110–131
https://doi.org/10.1080/05704928.2021.1935272

http://crossmark.crossref.org/dialog/?doi=10.1080/05704928.2021.1935272&domain=pdf&date_stamp=2023-02-03
http://orcid.org/0000-0001-9392-6256
http://orcid.org/0000-0003-2028-1295
http://www.tandfonline.com


Different classes of nanomaterials exist, among which engineered elemental metal nano-
particles (EMNPs), such as silver nanoparticles (AgNPs), gold nanoparticles (AuNPs),
and platinum nanoparticles (PtNPs), contain clusters of reduced metal atoms, making
them highly reactive.[5] In practice, they have carved a successful niche in industrial
catalysis,[6] energy storage,[7] optoelectronics,[8] and biocidal treatments.[9,10]

The widespread use of products containing EMNPs has made their release into the
environment unavoidable. EMNPs migrate and distribute in various environmental
media and circulate simultaneously in the entire ecosystem through air, water, soil/sedi-
ment, biological systems, and other media. Moreover, EMNPs released into the environ-
ment undergo a series of transformations, such as formation of the corona structure,
aggregation, redox reactions, and sulfidation, etc.,[11–13] which makes it challenging to
completely understand their fate and transport. In addition, EMNPs also actively inter-
act with other coexisting pollutants.[14,15] In our recent study, we showed that AgNPs
detoxified As(III) under specific environmental conditions through the oxidation of
As(III) to less toxic As(V).[16] Furthermore, we demonstrated that the detoxification
ability of AgNPs was closely associated with the size and concentration of AgNPs as
well as their solution chemistry. A tons of reported studies have demonstrated that the
ecotoxicological risks of EMNPs are strongly correlated with the physicochemical prop-
erties of EMNPs, such as composition, particle size, concentration, and stability in
environmental and biological matrices.[17–21] To accurately assess the fate of EMNPs in
natural environment and to understand the potential risks of EMNPs in depth, analyt-
ical techniques for the characterization of EMNPs in complex environmental matrices
need to be developed urgently.
Inductively coupled plasma mass spectrometry (ICPMS) is one of the most powerful

techniques for the simultaneous determination of the chemical composition and con-
centration of metal particles and has been applied since the beginning of the 1980s.
This is mainly facilitated by high efficiencies of vaporization, atomization, and ioniza-
tion induced by plasma and the multi-element detection capabilities of the technique
with high sensitivity and wide linear range.[22–24] However, conventional ICPMS fails to
determine the size of EMNPs, mainly due to its limited resolution to distinguish differ-
ent particle sizes in an EMNP mixture. As a promising alternative for the determination
of the size of EMNPs, single particle ICPMS (SP-ICPMS) with extremely short dwelling
periods has evolved. In this technique, the signal is strictly proportional to the size of
the particles.[25] However, there is a need to reduce the background signals and improve
the transmission of ions in order to achieve higher detection efficiency and detect
smaller nanoparticles, which will further help to expand the scope of applications of
this technique for the characterization of EMNPs in real environmental samples.[26,27]

Hence, further refinement is required to improve the performance of SP-ICPMS and
thus enables its widespread use in common laboratories. Therefore, great efforts are
being made to overcome the shortcomings of conventional ICPMS for the characteriza-
tion of EMNPs.
Coupling of ICPMS with flow-based separation techniques facilitates the on-line

measurement of the size and concentration of EMNPs. This strategy effectively circum-
vents problems of labor and time consumption and limited applicability to EMNPs with
a wide size distribution for common off-line separation methods, such as centrifugation
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and extraction. Size exclusion chromatography (SEC)[28,29] and flow field-flow fraction-
ation (F4)[30–32] are two of the most powerful flow-based techniques that have gained
considerable interests in the separation and characterization of EMNPs. In contrast to
SEC, F4 is applicable to particle sizes in the range of 1 nm to 100 lm, thus covering the
entire size range of EMNPs.[33] Moreover, theoretical and experimental studies have
shown that the size-based selectivity related to the fractionation ability of F4 is much
higher than that of SEC.[34] In SEC columns, the most commonly used stationary phase
gel determines the separation performance. For example, the pore size of the gel and its
distribution significantly affect the selectivity of SEC, which is usually lower for very
large-sized particles.[35] Moreover, interactions between the stationary phase gel and tar-
get EMNPs not only affect the EMNPs’ original morphology but also lead to a loss in
recovery as a result of irreversible adsorption. In contrast, the absence of the stationary
phase in the F4 channel results in negligible mechanical or shear stress on the EMNPs
caused by the packing materials and a wide choice of aqueous carrier solutions available
for use in F4 (e.g., water with or without additives such as surfactants), leading to a
high compatibility of F4 with various detectors (e.g., ICPMS). Particularly, the semiper-
meable membrane in the F4 separation channel is used to prevent analytes from being
lost and remove unwanted components with a size less than the membrane pore size,
making it possible to directly analyze EMNPs in complex environmental matrices.
In F4, fractionation of differently sized EMNPs was achieved by applying two right-

angled flow streams to the particles. Based on the number of permeable walls envelop-
ing semipermeable membranes in the rectangular channel, conventional F4 mainly
consists of symmetrical F4 (SF4) and asymmetrical F4 (AF4).[34] The latter variant with
a single semipermeable wall achieves better fractionation capability and hence is pres-
ently the more commonly used configuration. Another novel variation uses disposable
hollow fibers as a channel and is termed as hollow fiber F4 (HF5). Therein, the channel
volume and its running costs are decreased, and this configuration is also easy to
assemble.[36] Therefore, HF5 is referred to as a disposable F4 technique. To date, AF4
and HF5 have been the most widely used variants of F4 for particle separation and will
be highlighted in this review.
In this review, we aim to: (1) summarize the specific advantages of the F4 technique

(mainly AF4 and HF5) in the separation of EMNPs; (2) generalize the development of
the F4-ICPMS technique; (3) highlight recent advances in the application of AF4-
ICPMS and HF5-ICPMS hyphenations for the characterization of EMNPs in the envir-
onment; (4) discuss the current perspectives on these two hyphenated techniques for
the expansion of applications.

2. Specific advantages of the F4 technique in the separation of EMNPs

F4 instruments generally consist of a constant flow liquid chromatographic pump used
for transporting the carrier liquid, an injector, a separation channel, and a detector for
recording the elution analytes.[34] A special syringe pump sometimes is used to generate
the flow field, which can also be achieved inside the separation channel by the same
pump together with switching valves. The separation channels having a rectangular
cross-section in SF4 and AF4 or a circular cross-section in HF5 are the core
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components of F4 instruments. Sample separation takes place inside the separation
channel depending on their hydrodynamic sizes due to the combined action of a lam-
inar flow and an orthogonal flow. Therefore, the accurate flow control system is one of
the most important aspects to be considered in the instrumental design. Additionally,
the membrane pore size and pore distribution in the separation channel determine the
sample recovery as well as separation efficiency.

2.1. Separation of EMNPs in the full particle size range

A striking advantage of the F4 technique over other flow-based separation techniques
such as SEC is theoretical application to a wide particle size range (1 nm–100 lm), cov-
ering the full size range of EMNPs. In practice, SEC is rarely applied to nanoparticles
exceeding a certain size (e.g., 50 nm),[35] which is mainly defined by the SEC stationary
phase. For the particles too large to enter pores in the stationary phase, they will be
eluted without retention. Therefore, the pore sizes in stationary phase determine the
exclusion limit in SEC.[37] The lower limit of the applicability of F4 depends on
the exclusion limit of the semipermeable membrane, and the upper limit depends on
the separation channel thickness (w).
According to the particle size relative to the diffusion distance, generally two separ-

ation modes can be applied in F4, namely normal mode and steric/hyperlayer
mode.[34,38] EMNPs can be separated using the normal mode, as their sizes are smaller
than 100 nm. Hence, applications of the steric/hyperlayer mode for particles generally
larger than 1 lm exceed the scope of this review. In the normal mode, diffusion acts as
the opposing force and controls the particle distribution across the channel. The balance
between flow field and diffusion enables the particle cloud to reach a characteristic aver-
age thickness (l) above the accumulation wall, resulting in an exponential distribution
of different thicknesses. The value of l depends on the diffusion coefficient relative to
the particle size. The retention parameter (k) is an important parameter in understand-
ing retention principles of AF4 or HF5. k is defined as the ratio of l to w, and is related
to the measurable experimental parameters of retention ratio (R) (equation 1):[34]

R ¼ t0
tr

(1)

where t0 and tr correspond to the retention times of the unretained analyte passing
through the separation channel and the retained analyte subjected to the flow field,
respectively.
The relationship between k and the physiochemical parameters of the analytes in AF4

can be expressed as:[39]

k ¼ kTV0

3pgVcw2d
(2)

where k is Boltzmann’s constant, T is the absolute temperature, V0 is the geometric vol-
ume of the separation channel, g is the viscosity of the carrier liquid, Vc is the rate of
the cross-flow volume, and d is the hydrodynamic diameter of the analyte. Similarly,
the relationship between k and the physiochemical parameters of the analytes in HF5
can be expressed as:[40]
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k ¼ kT
3pgUrfd

(3)

where U is the radial-flow rate at the fiber wall, and rf is the inner radius of the fiber.
As described above, k is directly associated with the hydrodynamic diameter of the

retained particles (equations 2 and 3) and with the experimentally measured R values
(equation 1). Therefore, k is the link between theoretical and experimental parameters.
The relationship between R and k in HF5 can be written as follows:[41]

R ¼ 4k=ð1� kÞ–12k2 (4)

and

R ¼ 4k (5)

The retention ratio of HF5 is different from that (¼ 6 k) of AF4 due to the cylin-
drical nature of the channel design of HF5.[42] The accuracy of R according to equation
4 is less than 2% for k< 0.2, while it is less than 5% for k< 0.02 according to equation
5.[41,42] As the experimental R value can be calculated by equation 1, the k value can be
obtained using equations 4 and 5 and further used to calculate the size of the target
particles by equations 2 and 3.
According to the retention theory, the retention time in the normal mode of F4 sig-

nificantly increases with the increase in the size of the target particles, leading to a lon-
ger analysis time. Cross-flow programming could present an efficient method to
improve the separation of larger nanoparticles that are strongly retained.

2.2. High size-based selectivity

The ability of separation techniques to separate two analytes is evaluated based on the
techniques’ selectivity. The selectivity of the separation with F4 based on particle size
alone is defined as:[43]

Sd ¼ dð log trÞ
dðlogdÞ

�
�
�
�

�
�
�
�

High size-based selectivity is another main advantage of F4 compared with other
flow-based separation techniques such as SEC. Typically, the Sd value of F4 varies in the
range of 0.4–1[40,44] and is generally larger than that of SEC, which is usually smaller
than 0.2[45] and decreases significantly for larger-sized NPs. The Sd value of F4 increases
when the retention time difference of different-sized particles increases. Furthermore, a
high Sd value of F4 indicates that a small change in particle size could lead to a larger
change in retention time.
In F4, the size-based selectivity was found to be closely related to the type of mem-

brane, the flow field strength, and other conditions, such as the axial-flow rate. To
achieve a better selectivity, it is important to choose a separation membrane with an
appropriate pore size or a molecular weight cutoff. In the separation of AgNPs, the
selectivity of regenerated cellulose and polyethersulfone membranes with the same pore
size were both higher than that of polyvinylidene difluoride membrane.[46,47] This could
be due to the fact that the electrostatic repulsion between the negatively charged AgNPs
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and the negatively charged polyvinylidene difluoride membrane was lower. The mem-
brane’s pore size, expressed as the molar mass cutoff, is usually selected based on the
smallest particles in a sample, and an available membrane with a 10-kDa cutoff is most
commonly used for the separation of EMNPs. It has been shown that the selectivity
could be improved by increasing the cross-flow rate in AF4 or the radial-flow rate in
HF5.[41,48] Although the higher axial flow will drive particles located at different equilib-
rium heights against the fiber wall in a shorter analysis time, its effect on the selectivity
of AF4 or HF5 is often examined by controlling the ratio of cross or radial-flow rate
and the axial-flow rate.[32,49] In addition, careful optimizations of the properties of the
carrier liquid (i.e., composition and pH) and the focusing time may also lead to an
improved size-based selectivity.[50–52]

2.3. Characterization of EMNPs in their intact and native state

Although F4 and SEC have similar experimental setups, separation in F4 takes place in
an open channel without stationary phase rather than in a column with packing materi-
als, as used for separation in SEC. Specifically, the separation mechanism in F4 is
derived from the interaction of the analyte with an external flow field that is applied
orthogonally to the separation channel instead of adsorption on the stationary phase.[34]

Thus, negligible shear force or mechanical stress is applied to the EMNPs in the sam-
ples, enabling the characterization of intact EMNPs, EMNPs with macromolecular coat-
ing (i.e., corona structure), and aggregated EMNPs under native conditions. Even under
the strong flow field, the risk of EMNP adsorption on the surface of the F4 channel is
much lower than that of the SEC column, as the surface area of the F4 membrane is
usually less than a thousandth of that of the SEC package material.[53]

In addition, the aqueous solution can be used nearly completely as the carrier liquid
of F4 due to the absence of the stationary phase, which is also beneficial for maintaining
intact EMNPs and EMNP derivatives under mild separation conditions. In contrast, the
use of the buffer solution as the carrier liquid is often required in other separation tech-
niques such as capillary electrophoresis,[54] possibly leading to the aggregation of nano-
particles or loss of their coating structure. Moreover, the versatility of the carrier liquid
of F4 makes this method very compatible with commonly used detection methods, such
as ultraviolet and visible absorption spectroscopy,[32,55,56] multi-angle light scatter-
ing,[57,58] atomic absorption spectroscopy[59], ICPMS[31], etc.

2.4. In-line clean-up of complex matrices

A semipermeable membrane—either the flat membrane in SF4 and AF4 or the cylin-
drical membrane in HF5—allows cross flow in SF4 and AF4 or radial flow in HF5 to
pass through its pores while preventing analyte particles that are larger than the pore
size from permeating the membrane.[41] Furthermore, the cross or radial flow carries
unwanted species (e.g., ions in the sample) that are smaller than the pore size out of the
separation channel during the focusing/relaxation step. After that, the sample compos-
ition is effectively simplified and nanoparticles are isolated from complex matrices,
which is favorable for the accurate analysis by on-line detectors (e.g., lower background
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noise) in the elution step. Therefore, in addition to its separation function, the semiper-
meable membrane in the F4 channel has the function of an in-line sample clean-up.
During the focusing/relaxation step in HF5, sample matrix components can be col-

lected off-line or on-line to further detect the newly formed species. For example, Ag(I)
ions coexisting with AgNPs were identified by atomic absorption spectroscopy after off-
line collection.[58] Using a mini-column packed with Amberlite IR120 resin at the radial
outlet of HF5, we successfully separated free Ag(I) or weak Ag(I) complexes from
strong Ag(I) complexes and tiny AgNPs (< 2 nm), which were further discriminated
and determined by the oxidation of tiny AgNPs to free Ag(I) in a second run. Applying
this strategy, the developed on-line HF5 and mini-column-concentration with ICPMS
achieved the full spectrum of separation, identification, and quantification of two Ag(I)
species (including free Ag(I) or weak and strong Ag(I) complexes) and five different-
sized AgNPs (1.4, 10, 20, 40, and 60 nm).[32] In contrast, few studies have been reported
on the on-line collection during the focusing/relaxation step in AF4, which is partly due
to the fact that the cross-flow rate is too high for the sampling system to directly enter
the following detectors.

3. General development of F4-ICPMS for EMNP characterization

After transport of EMNPs into the thin ribbon-like channel (SF4 and AF4) or hollow
fiber channel (HF5) by a carrier liquid, particles of different sizes adopted a steady-state
distribution during the focusing/relaxation step, as shown in Figure 1. After that, the
particles are delivered to the outlet of the channel by the flow of the carrier liquid with
a parabolic flow profile in the elution step. Then, the eluted particles reach the ICPMS

Figure 1. Distributions of two-sized EMNPs over the parabolic flow profile during the focusing/relax-
ation step of SF4 (A), AF4 (B), and HF5 (C). The unwanted species (e.g., ions and small molecules) are
filtered out of the separation channel.
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detector sequentially according to their sizes. Therefore, the retention time is strictly
dependent on the particle size. Thus, ICPMS detection provides information about the
retention time, which allows the calculation of the size and size distribution of separated
particles and the analysis of their elemental composition for identification and
quantification.
ICPMS was first coupled with conventional F4 (i.e., SF4 and AF4) to obtain informa-

tion on the size and concentration of metal-containing colloidal particles. In an earlier
study, on-line coupling of SF4 with ICPMS was used to determine the sizes of colloidal
particles and the distributions of 28 elements in natural waters.[60] Later, an on-line
AF4-ICPMS coupling system was developed to quantify trace elements associated with
colloids in soil leachates.[61] The accuracy of the determination of six chosen trace ele-
ments was validated through an off-line quantification procedure using fraction collec-
tion and total elemental analysis by ICPMS. Earlier studies demonstrated the great
potential of the F4-ICPMS coupling system in the identification and quantification of
EMNPs. EMNP characterization using the F4-ICPMS technique was first reported for
AuNPs,[30] mainly due to their ease of preparation, good stability, and wide range of
applications. The limit of detection of AuNPs in the size range of 10–60 nm varied
between 0.02 and 0.4 ng Au, which was directly proportional to the nanoparticle diam-
eter. Furthermore, the developed coupling system was successful in analyzing and recov-
ering AuNPs in the livers of rats in the range of 86–123%. Due to the continuous use
and wide range of applications of AgNP-based products, the characterization of AgNPs
in environmental and biological matrices using AF4-ICPMS has been extensively
studied.[56,62,63] Very recently, the F4-ICPMS-based method has also been extended for
the characterization of PtNPs,[64] which are EMNPs that are frequently used in the
automotive sector, electrochemistry, and biomedical applications.[65]

Generally, the large volume of the rectangular channel in AF4 is readily to dilute the
sample. Moreover, due to the very high cross-flow rates (e.g., 1.5mL/min), a split sys-
tem between the channel outlet and the nebulizer was often used to withdraw a fraction
of the outlet flow for detection. In contrast, the outlet flow rate of the HF5 channel is
usually very low, which makes flow splitting not required. Although studies have shown
that the AF4-ICPMS system is more mature and more versatile than the HF5-ICPMS
system due to the more commercial availability of AF4, the unique features of HF5,
such as the disposable hollow fiber channel, easy installation, and lower flow rates,
deserve more attention.

4. Recent advances in the application of the F4-ICPMS system in the
characterization of EMNPs in the environment

With the widespread use of EMNPs and their products in the industrial production and
daily life, EMNPs inevitably enter the environment. As shown in Figure 2, EMNPs can
enter waste water treatment plants (WWTPs), natural water bodies, soil/sediment,
organisms, or the atmosphere (not shown). In their biogeochemical cycling, EMNPs
undergo various physical and chemical transformations. Given the aforementioned spe-
cific advantages of F4, F4-ICPMS systems open up new avenues for the characterization
of EMNPs in environmental samples and tracking their transformations in the

APPLIED SPECTROSCOPY REVIEWS 117



environment. In the following, we reviewed the recent advances in these fields, includ-
ing the estimation of EMNP occurrence in various environmental samples, characteriza-
tion of corona-coated EMNPs, tracking of the aggregation of EMNPs in the
environment, and speciation analysis of EMNPs and their products in their main chem-
ical transformations.

4.1. Estimation of the occurrence of EMNPs in various environmental media

Size, composition, and concentration are the most important characteristics of
EMNPs in environmental media. It has been experimentally shown that the environ-
mental fate, transport, and risk of EMNPs are closely associated with these character-
istics,[12,66] inspiring the development of various methods for the comprehensive
characterization of EMNPs. F4-ICPMS-based methods can achieve the full range of
accurate separation, identification, and quantification of EMNPs, making them the
most promising candidates for the characterization of EMNPs in various environmen-
tal matrices.
Extensive applications of EMNPs inevitably lead to the release of EMNPs into the

environment, and particularly aqueous environment, through the direct release as indus-
trial discharges, effluents from residential households, or disposed effluents from
WWTPs.[67,68] Natural surface water matrices are relatively simple, and the in-line

Figure 2. Recent advances in characterization of EMNPs released into the various environmental
media using the F4-ICPMS technique.
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clean-up ability of F4 can effectively further reduce matrix-induced interferences from
metal ions, low molecular weight molecules, small-sized particles, etc. Therefore, F4-
ICPMS can be directly used to obtain information about size and concentration of
EMNPs in natural surface water samples after very simple pretreatments, such as filtra-
tion.[32] WWTPs have been reported to be the main sink as well as the point sources of
EMNPs. An on-line AF4-ICPMS system was used for the determination of the size and
concentration of AgNPs in untreated influent of WWTPs, showing that the mean size
and concentration of AgNPs in the influent were 9.3 nm and 1.90 ng/mL, respect-
ively.[56] These results clearly demonstrated the robustness of the AF4-ICPMS system
for the characterization of trace amount of EMNPs in complex aqueous matrices.
Sediments and soil systems are usually considered to be the ultimate sinks of EMNPs

in the natural environment.[69] Simulation models have estimated that the highest pro-
portion of EMNPs in the environment is present in sediments and soil,[70] whose matri-
ces are much more complex than those of water samples. Therefore, it is necessary to
effectively extract EMNPs from the solid matrix into a stable liquid suspension prior to
F4-ICPMS analysis. Moreover, EMNPs displayed a tendency for surface adsorption on
clay minerals, especially colloids. Hence, only few studies have focused on the character-
ization of EMNPs in sediments and soil, arguing the overestimation of the EMNPs’ ori-
ginal size due to the unavoidable interaction between coexisting components, such as
colloidal clay minerals.[71] Sodium pyrophosphate has exhibited excellent ability in the
extraction of relative stable nanomaterials such as TiO2 and CeO2 by promoting their
release from microaggregates in soil,[72] but the universality in extracting reactive
EMNPs remains unexploited. Therefore, it is highly urgent to develop efficient sample
pretreatments to isolate EMNPs that are present in sediments and soil, which would
greatly improve the applicability of the F4-ICPMS method for the accurate characteriza-
tion of EMNPs in such complex matrices.
The presence of EMNPs in organisms can be ascribed to many sources, such as their

deliberate use as medicine, uptake by organisms, and transfer in food chains.[73–75] In
the field of environmental nanotoxicology, AF4-ICPMS has also been used for the char-
acterization of EMNPs in biological matrices. In a milestone study, AF4-ICPMS was
successfully used for the identification and quantification of intact AuNPs in rate livers
after dissolution with tetramethylammonium hydroxide.[30] In comparative experiments
on the dissolution medium for EMNP-exposed D. magna, AF4-ICPMS showed compar-
able results of both tetramethylammonium hydroxide and trypsin for medium-sized
(50 nm) EMNPs, including AgNPs, AuNPs, and PtNPs, but trypsin seems advantageous
to maintain the original small-sized (5 nm) particles.[76] This finding highlights the
importance of the dissolution medium used for extracting EMNPs in organisms prior to
AF4-ICPMS analysis. In addition, a relevant human lung cell line (THP-1) was used to
study the in vitro uptake of medium-sized AgNPs (50–75 nm). Results of AF4-ICPMS
clearly showed that the AgNP size varied with time, demonstrating the high dynamics
of AgNPs during cell exposure. Moreover, the uptake of AgNPs was found to be
dependent on the composition of the medium and the particle size.[77] These findings
demonstrated that the AF4-ICPMS system would be a promising candidate for charac-
terization of EMNPs in vitro and in vivo studies focusing on their toxicity and
biodistribution.
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4.2. Characterization of corona-coated EMNPs

After the uptake of EMNPs by organisms, they will get into contact with the abundant
biomolecules, such as proteins and lipids, forming a bio-corona structure of macromole-
cules around the EMNP surface.[78,79] In environmental nanotoxicology, characterization
of the bio-corona structure will provide a deeper insight into the potential risk of
EMNPs. Recently, it has been reported that EMNPs released into the aqueous environ-
ment tender to interact with macromolecules, such as natural organic matters (NOM),
to form an eco-corona structure, dominating the fate and transport of EMNPs.[80] The
thickness of the intact corona structures varied from several nanometers to sub-micro-
meters. For an accurate characterization of such EMNPs, F4 is a suitable method due to
its applicability in a wide particle size range with high size-based selectivity but oper-
ation under gentle separation conditions (e.g., negligible mechanical or shear stress due
to the absence of the stationary phase).
Although there have been decades of research on bio-corona formation around

EMNPs, studies on the characterization of bio-coronas using the F4-ICPMS system just
emerged recently. An early study on the association of different-sized AgNPs (i.e., sizes
of 2.6, 10, and 26 nm) with proteins showed that the amounts of three common pro-
teins (bovine serum albumin, globulin, and fibrinogen) adsorbed on the AgNP surface
was positively correlated with the incubation time and concentration of AgNPs.[81] In
stoichiometric binding experiments, the ratio of bovine serum albumin to AgNPs was
calculated to be approximately 1:5� 10�7. These findings demonstrated a potential
application of F4-ICPMS in quantitatively tracking the formation process of the bio-cor-
ona structure. In the evaluation of the stability of AuNPs in DMEM (10% FBS), as a
commonly used cell culture medium, AF4-ICPMS demonstrated a visible increase in the
AuNP size, which can be probably ascribed to the bio-corona formation. These results
stress the necessity to consider the changes of primary EMNPs in culture medium
before an in vitro toxicity test.[82] Moreover, the type of protein plays a key role in bio-
corona formation and the resulting stability of EMNPs. Taking the two mammalian
metalloproteins of intracellular metallothionein 1 (MT1) and plasmatic ceruloplasmin
(Cp) as examples, the significant difference in their protein-corona dynamics could be
detected by AF4-ICPMS. After interaction of unstructured MT1 with AgNPs, MT1 rap-
idly surrounded the AgNPs with a transient corona, which was rapidly transformed into
a larger envelope. Interaction of well-structured and globular Cp with AgNPs resulted
in the formation of a more stable bio-corona layer around the AgNPs. Nevertheless,
both types of protein coronas promoted the dissolution of AgNPs, which was closely
related to the properties of the proteins, such as their geometry and accessibility to
metal binding sites.[83] These findings highlight the fact that the type of protein has a
great influence on the bio-corona formation and EMNP stability in biofluids, which will
govern the fate of EMNPs in-vivo.
Although some unexpected results on bio-coronas have been achieved by F4-ICPMS,

the characterization of eco-coronas by this powerful technique is still in its infancy and
needs further development. Only a decade ago, coating of NOM molecules onto the sur-
face of AgNPs was proven by AF4-ICPMS. The obtained fractograms showed a slight
increase in the elution time of AgNPs in the NOM-rich solution, indicating an increase
in the AgNP particle size, which was ascribed to eco-corona formation.[84] Recently, we
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reported the quantitative characterization of an eco-corona by HF5-ICPMS and studied
the effect of the NOM concentration on the thickness of the eco-corona in detail.[85]

The size of AgNPs was calculated from their retention time obtained from factograms,
revealing that the AgNP size increased from 8.8 ± 0.39 nm to 23.2 ± 0.70 nm with the
increase of the NOM concentration from 10 to 100mg/L dissolved organic matter. The
composition of the corona structure was further analyzed from scanning transmission
electron microscopy images and energy dispersive spectroscopy mapping results, indi-
cating that both the C- and O-enriched areas overlapped significantly with the Ag-
enriched area. The eco-corona around the EMNPs significantly affected their surface
chemistry and behavior in environmental systems, especially their aggregation behavior.
Moreover, thermodynamic and kinetics information on the eco-corona formation pro-
cess will contribute to deep understandings of dynamic interactions between EMNPs
and with other naturally occurring macromolecules as well as NPs in natural
environments.

4.3. Tracking of EMNP aggregation in the environment

Aggregation is regarded as an important physical transformation of EMNPs in the
environment. The aggregation process increases the effective particle size and reduces
the surface area to volume ratio, thereby affects the EMNPs’ reactivity, transport, and
uptake by living organisms.[12,86] The aggregation of EMNPs can be divided into two
categories: homoaggregation between the same type of EMNPs and heteroaggregation
between EMNPs and other coexisting particles.[87] Dynamic light scattering is the most
commonly used technique to study aggregation processes. However, it has some disad-
vantages such as low selectivity and low accuracy in the analysis of large particles,
which greatly limits its use in the characterization of heteroaggregated EMNPs.[88]

Although the significant increase in the size of aggregated EMNPs could be analyzed
by SEC, the reduced stability of aggregated EMNPs may lead to problems of irrevers-
ible sample adsorption and carryover between runs. The absence of the stationary
phase makes F4 ideally suited for the characterization of aggregated EMNPs in native
and intact forms.
Currently, a great deal of studies on EMNP aggregation under controlled laboratory

conditions focused on homoaggregation.[64,89,90] These studies focused on predicting
the fate of EMNPs in relatively simple matrices, such as natural surface waters, and
experimental results followed the Derjaguin-Landau-Verwey-Overbeek theory. Early
studies mainly focused on the effects of solution chemistry (e.g., pH, type of salt, ionic
strength, NOM) on the aggregation of EMNPs.[91] AF4-ICPMS provided direct results
on the size change of aggregated EMNPs with increasing destabilization due to the
changed experimental conditions, e.g., the increased ionic strength.[84] A comparative
study on the aggregation behavior of 60 nm AgNPs in various aqueous matrices
showed that the particle size did not change significantly after incubation for two days
in deionized water, while AgNPs could no longer be detected after the same incubation
time in artificial sea water, confirming the strong destabilizing effect of high ionic
strengths.[92] The volume of the HF5 channel is relatively smaller than that of the AF4
or SF4 channel, resulting in less dilution of EMNPs in HF5 separation and a more
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sensitive detection of EMNPs at low concentrations. Using HF5-ICPMS, we studied
the aggregation of AgNPs at environmentally relevant concentrations in aqueous condi-
tions.[85] Interestingly, we found that the attachment efficiency, standing for the attach-
ment probability of two particles, of AgNPs at a concentration of 10 ng/mL in the
presence of various concentrations of Na(I) ions and Ca(II) ions was much higher
than those reported for AgNPs at relatively high concentrations (e.g., concentrations at
the lg/mL level). These results demonstrated the sensitivity of HF5-ICPMS in studying
the aggregation of EMNPs at a low concentration and highlighted the necessity of
studying EMNP aggregation at environmentally relevant concentrations. The effect of
NOM on EMNP aggregation is quite controversial. On the one hand, the eco-corona
could inhibit aggregation by steric repulsion or/and electrostatic repulsion;[93] on the
other hand, the bridging effect could lead to the destabilizing effect of NOM.[94]

Whether stabilization or destabilization dominated was found to be closely related to
the type of NOM and the NOM concentration.[95] Besides solution chemistry, other
environmental factors, such as sunlight, also had a substantial influence on the aggre-
gation of EMNPs. F4-ICPMS fractograms showed that, in the presence of sunlight,
smaller sized AgNPs (e.g., 20 nm AgNPs) transformed into multifaceted particles,
whereas the shapes of larger particles (e.g., 60 and 80 nm AgNPs) were mainly modi-
fied by aggregation.[96]

Real environmental systems, especially soil and sediment, contain abundant amounts
of natural particles, whose concentrations are usually much higher than that of EMNPs.
Therefore, heteroaggregation occurs most likely in these complex matrix systems.[97]

Nevertheless, there are relatively few studies on EMNP heteroaggregation processes, par-
tially due to the lack of characterization methods for heteroaggregated EMNPs in the
intact state. Recently, AF4-ICPMS has been used to study EMNP heteroaggregation
processes. In studying the stability of AuNPs in colloidal soil extract containing natural
nanoparticles, the differentiation of heteroaggregation and homoaggregation of AuNPs
was performed by AF4-ICPMS through analyzing the size and components of aggre-
gated AuNPs.[69] In addition to the need for optimizing the operating parameters of
AF4 in the separation of different-sized aggregated AuNPs, this work highlighted the
importance of extracting the aggregated AuNPs from the soil matrix into stable liquid
suspensions. In addition, it has been found that the coating type of AuNPs greatly
affects heteroaggregation. Compared with citrate-coated AgNPs, PVP-coated AgNPs
could not be determined accurately, mainly due to the fact that their stronger interac-
tions with colloidal clay minerals made their isolation by the common wet extraction
procedure difficult.[71] Similar results were obtained for AuNPs with various coatings.
AF4-ICPMS results demonstrated that Au is co-eluted with other elements such as Al,
Fe, and Mn, indicating the occurrence of heteroaggregation between AuNP and the soil
colloids. These results also showed that NOM could replace the coating of AuNPs and
be adsorbed on the mineral particles. With this, the influences on the native surface
chemistry of EMNPs and functional coatings become difficult to predict. Furthermore, a
kinetic study showed that such an attachment controlled by heteroaggregation is a
rather fast process (e.g., over 80% AuNPs aggregated after 2 h).[69] These findings
strongly confirmed the limitation of the long-range transport of original EMNPs in
sediments and soils.
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4.4. Speciation analysis of EMNPs and their products in main chemical
transformations in natural systems

EMNPs exhibit a high percentage of metal atoms on their large specific surface area,
leading to their high reactivity in natural systems. Therefore, various chemical transfor-
mations in natural systems, including redox reactions and sulfidation between EMNPs
and their derivatives (e.g., metal ions, metal sulfide, etc.), ultimately influence the behav-
ior, fate, and risk of EMNPs.[12] For example, Ag(I) ions were found to be more toxic
than AgNPs and silver sulfide, so the oxidation of AgNPs into Ag(I) leads to higher
toxicity, while the sulfidation of Ag(I) from AgNPs significantly reduces the toxicity.[98]

Understanding and predicting these main chemical transformations requires a reliable
method for the simultaneous determination of EMNPs and their products. As a rapidly
emerging technique for the characterization of EMNPs, F4-ICPMS fulfills all these
requirements and is a suitable method for this purpose.
Natural systems are mostly oxidizing environments, so the oxidation of EMNPs to

release the corresponding metal ions is one of the most important steps in their chem-
ical transformation in the environment. In studying the oxidation of AgNPs in littoral
lake mesocosms, the concentration of AgNPs gradually decreased over time, indicating
the oxidation of AgNPs. Moreover, the peak early eluted before that of AgNPs in AF4-
ICPMS was reported to stem from the formation of a complex between Ag(I) and
NOM.[99] Under sunlight irradiation, NOM could generate abundant reactive oxygen
species, resulting in the reduction of EMNPs.[100] We employed the HF5-ICPMS-based
coupling system to compare the transformation of Ag(I) at two different concentrations
(33.97lg/mL and 33.97 ng/mL) into AgNPs. Surprisingly, Ag(I) ions were co-eluted
with tiny AgNPs in the focusing/relaxation step for an Ag(I) concentration of 33.97 lg/
mL, while only large-sized AgNPs were observed for an Ag(I) concentration of
33.97 ng/mL.[85] These findings stressed the necessity of studying the chemical transfor-
mations of Ag(I) at environmentally relevant concentrations.
Most noble metals have a strong affinity to sulfur-containing compounds or inorganic

sulfur, which promotes the release of metal ions from EMNPs or the insoluble metal-
sulfide shell around the particles.[101] Therefore, the sulfidation of EMNPs is another
important process that needs to be carefully considered. Taking tripeptide glutathione
as a model of sulfur-containing compounds, AF4-ICPMS was used to study the sulfida-
tion of PVP-protected AgNPs.[102] AF4 achieved the separation of a series of newly
formed compounds and materials, such as Ag(I), nanoclusters, and nanoparticles, which
were quantitatively analyzed by ICPMS. Similarly, mass preservation by PVP-AgNP
populations in sulfide-containing simulated water was verified by the hyphenated AF4-
ICPMS method.[103] In AgNPs sulfidation experiments, soluble Ag(I) ions including
their complexes with sulfur-containing compounds and AgNPs or Ag2S NPs smaller
than the size detection limit of SP-ICPMS are inevitably produced, posing a great ana-
lytical challenge for SP-ICPMS, while AF4-ICPMS has shown great potential for charac-
tering the original AgNPs as well as their products during distribution. These findings
suggest that hyphenated AF4 provides an in situ method for monitoring the changes of
EMNPs in the sulfidation process. HF5-ICPMS was used to simultaneously record the S
and Ag signals in a spiked sample from an influent of a local WWTP, and the new
thiol-complexed Ag(I) rather than silver sulfide was identified and quantified,
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demonstrating the robustness and sensitivity of the HF5-ICPMS method in studying
inter-transformations between Ag(I) and AgNPs at environmentally relevant concentra-
tions in domestic wastewater.[85]

5. Conclusions and future perspectives

In this review, we provided an updated summary of hyphenated systems based on F4-
ICPMS for the characterization of EMNPs in the environment. These hyphenated sys-
tems are indispensable for a deep understanding of the environmental fate and potential
risk of EMNPs. Although several advances have been made in the past decade, the
research on F4-ICPMS is still in its infancy, and much room still remains for the
improvement in performance and application in the characterization of EMNPs.
Several current perspectives on the application of F4-ICPMS for the characterization

of EMNPs have been proposed, as discussed in the following.
Firstly, natural, incidental, and engineered EMNPs often coexist in the natural envir-

onment, and their sizes, compositions, and concentrations cannot be accurately pre-
dicted to date. Specific advantages of F4-ICPMS, such as the applicability to a wide
range of particle sizes and high size-based selectivity and sensitivity, make F4-ICPMS a
potential tool for the separation, identification, and quantification of these types of
EMNPs based on their size difference, size distribution, and composition to provide
insight into the source tracing of EMNPs in the natural environment.
Secondly, similar to NOM in the natural environment, extracellular polymeric sub-

stances are also ubiquitous in various environmental matrices and play a notable role in
the fate and transport of EMNPs. The changes in the structure and chemical properties
of EMNPs due to their interactions with different NOM and/or extracellular polymeric
substances can be explained by introducing other characterization methods (e.g.,
Fourier transform ion cyclotron resonance mass spectrometry) to complement the F4-
ICPMS coupling system.
Thirdly, the differentiation of EMNPs and their coexisting derivatives, such as their

corresponding ions, free ions, and complexes of the corresponding ions, still poses big
challenges in real biological matrices in the field of environmental nanotoxicology.
Hence, the toxic effects of EMNPs are still not conclusive. EMNPs can be directly char-
acterized in the elution step of AF4-ICPMS, but the characterization of their derivatives
by off-line coupling methods is a more feasible strategy.
Fourthly, laboratory experiments on the transformation or uptake of EMNPs in

detectable concentrations cannot sufficiently represent real scenarios. Therefore, further
improvements in the performance of F4-ICPMS are required. For example, an improve-
ment in sensitivity by injecting large volumes (e.g., 50mL) may be an effective approach
to elucidate various physical and chemical transformations and the intake of EMNPs at
ultra-trace levels, which will uncover their fate and behavior during the aging processes
or long-term exposure studies.
Last but not the least, intensive studies have demonstrated the feasibility of F4-

ICPMS hyphenated systems (especially AF4-ICPMS), but no hyphenated systems are
commercially available yet. Action plans to enhance the commercialization of these on-
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line coupling systems would favor the standardization of identification and characteriza-
tion protocols for comparable measurements and reliable risk assessments.
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