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Abstract

The extensive use of silver nanoparticles (AgNPs) in consumer products, medicine, and industry leads to their release into the
environment. Thus, a characterization of the concentration, size, fate, and toxicity of AgNPs under environmental conditions is
required. In this study, we present the characterization and optimization of an asymmetric flow field-flow fractionation (AF4)
system coupled with UV/Vis spectrophotometer and dynamic light scattering (DLS) detector as a powerful tool for the size
separation and multi-parameter characterization of AgNPs in complex matrices. The hyphenated AF4-UV/Vis-DLS system was
first characterized using individual injections of the different size fractions. We used electrostatically stabilized AgNPs of 20-,
50-, and 80-nm nominal diameters coated with lipoic acid. We investigated the effect of applied cross-flows, carrier solutions,
focus times, and quantity of injected particles on the nature of the AF4 fractograms and on the integrity of the AgNPs. Best size
separation of a 1:1 mixture of 20- and 80-nm AgNPs was achieved using cross-flows of 0.5 and 0.7 mL/min with 1 mM NaCl and
0.05% v/v Mucasol as carrier solutions. We also researched the behavior of AgNPs in natural waters using the hyphenated AF4-

UV/Vis-DLS system, under determined optimal conditions.

Keywords AgNP - Marine waters - AF4 - Aggregation

Introduction

Nanoparticles are materials with nanometric size, typically
below 100 nm. The small size of the nanoparticles, together
with their large surface to volume ratio, leads to distinctive
properties that make them different from the bulk material [1].

Silver nanoparticles (AgNPs) are one of the most widely
used nanoparticles, with a large range of applications [2]. The
unique optical properties of the AgNPs are well known and
make them useful for biosensing and imaging applications
[3-5]. The AgNPs can also be used in catalyzed reactions
[6-8] and electronic applications [9-11]. Nevertheless, the
most common and widely utilized properties of AgNPs are
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their antibacterial, antiviral, and biocidal abilities. These
properties make AgNPs to be widely used in medical prod-
ucts, disinfectants, and food packing materials cosmetics
[12], and as antiviral agents and drug delivery carriers for
several human diseases like HIV-1, hepatitis, and even
COVID-19 [13, 14]. The extensive production and con-
sumption of AgNPs inevitably lead to increased exposure
for humans and ecosystems. The AgNPs enter ecological
systems as a consequence of leaching and recycling pro-
cesses, through discharge in wastewater or atmospheric de-
position [15, 16]. The European Union has reported that
AgNPs are the second most abundant nanoparticles in sur-
face waters with average concentrations around 1.5 ng-L ™"
[1]. Very few studies were able to measure AgNPs in nat-
ural waters, with concentration levels depending on the
studied locations. For example, AgNP levels between 2.0
and 8.6 ng L™! were found in the river Isar (Germany) [17],
while a recent study in Besos river basin (Spain) showed an
average value of 640 pg L', one order of magnitude lower
[18].

The AgNPs’ behavior and fate largely depend on their spe-
cific properties (e.g., capping agent, surface charge, particle
diameter) and the characteristics of the surrounding medium
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(e.g., electrolyte composition, pH, ionic strength, presence of
organic matter) [1, 19, 20]. Thus, the research of both the
pristine NP characteristics and their modifications due to spe-
cific medium parameters is key to constrain potential toxic
effects [21, 22]. In order to stablish the fate and toxicity of
the AgNPs in the environment, it is therefore essential to de-
velop methods and techniques to study their stability, distri-
bution, and transport [16].

Field-flow fractionation (FFF) is one of the techniques with
a higher potential to evaluate the behavior of the nanoparticles
in aquatic environments. The FFF is a versatile fractionation
method which allows the analytical separation and character-
ization of molecules and particles in a large range of sizes
(from nm to um) [23]. The FFF separation takes places in a
thin ribbon-like channel and is based on the combination of
the action of a carrier solution with a hyperbolic velocity pro-
file, together with a physical field applied perpendicularly to
this carrier liquid. Thus, the sample is carried downstream at
different velocities and eluted from the channel with different
retention times [24, 25]. In the last decades, multiple varia-
tions of FFF have been developed based on the type of sepa-
ration force. The most versatile is the flow field-flow fraction-
ation (FIFFF) that can be applied to compounds in the size
range from 20 nm to 100 um. This sub-technique uses a sec-
ondary flow (cross-flow) as field force. By the application of
the cross-flow, the analytes are driven towards the channel’s
permeable membrane, and the fractionation is achieved due to
different diffusion coefficients. The FIFFF has mainly two
possible setups: the symmetric FIFFF, where two independent
flows are applied; and the asymmetric FIFFF or AF4, where
the two flows (longitudinal and cross-flow) are produced by
the same inlet [26]. The efficiency of the FIFFF technique in
terms of size detection and quantification of manufactured
AgNPs was evaluated by Cascio et al. [27], among other
well-established methods, such as centrifugal liquid sedimen-
tation or transmission electron microscopy (TEM) analyses.

Despite its multiple advantages, the use of FFF as a sorting
tool for engineered nanoparticles in industrial processes is
limited due to the inability to scale up the process. The imple-
mentation of new separation techniques like the zonal rotor
centrifugation, based on the creation of density gradients [28],
or the magnetic bearing-based high-speed centrifugation [29]
opens the possibility to carry out the separation of different-
sized nanoparticles in large-scale systems. Despite the prom-
ising results of these methods for the high-resolution separa-
tion of nanoparticle samples, there is a lack of information on
their capability to be hyphenated to other instruments (like
DLS, ICP, or UV/Vis), an essential feature to make easier
the characterization of the separated fraction sizes.

The hyphenation of the non-destructive FFF system with
various detectors is the main powerful advantage for the char-
acterization of nanoparticle-containing samples. A method to
achieve multidimensional information (e.g., hyphenated
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techniques) is highly desirable for the analysis of environmen-
tal samples, which is normally challenging due to complex
sample matrices and low nanoparticle concentrations [30]. A
number of studies have successfully evaluated the on-line hy-
phenation of the FIFFF to several detectors such as UV/Vis,
fluorescence, ICP-MS, or dynamic light scattering (DLS)
[31-36]. Marassi and co-workers demonstrated the viability
of hollow-fiber flow field-flow fractionation hyphenated with
multi-angle light scattering for the characterization of AgNPs
in both pharmaceutical and medical products, and aqueous
environments [37-39]. The FIFFF was successfully used to
evaluate the size distribution in soils and water of natural
colloids (like humic and fulvic acids) and their association to
trace metals [40—44]. The effect of organic matter on the size
and surface of PtNPs in artificial and natural waters was re-
cently studied by Sanchez-Cachero and co-workers using AF4
hyphenated with ICP-MS [32]. The viability of AF4 for the
separation and size characterization of ZnO nanoparticles in
river and lake water was confirmed by Amde et al. [45].
Regarding the AgNPs, the use of FIFFF for their fractionation
and characterization in freshwaters was reported by several
authors. Kim and co-workers probed the efficiency of AF4
coupled with a liquid capillary cell for the size determination
of natural AgNPs in groundwater [46]. Loosli et al. used a
AF4-ICP-MS system for the characterization of natural and
engineered AgNPs extracted from river waters [47, 48]. The
characterization of AgNPs in river and lake waters by AF4
demonstrated the effect of natural organic matter on the stabi-
lization of the nanoparticles [49]. Other studies showed the
promising capacity of AF4 as a tool for analyzing the persis-
tence and transformation of AgNPs in littoral lake mesocosms
and wastewaters [50, 51]. More recently, Boughbina-Portolés
et al. analyzed the stability of AgNPs in different water matri-
ces by using an AF4-UV/VIS-DLS system [52]. Nevertheless,
there is still a lack of FIFFF studies in marine and estuarine
water samples, in terms of characterization, quantification,
and stability of AgNPs derived from natural and anthropogen-
ic sources, and more specifically the optimization of the se-
lected AF4 parameters for AgNP separation in complex
matrices.

In this work, an AF4 system was hyphenated with the UV/
Vis and DLS detectors to characterize and investigate the be-
havior of AgNPs of 20, 50, and 80 nm coated with lipoic acid.
The AgNP concentrations used in this study are in the order of
milligrams per liter. The aggregation and dissolution of NPs
are influenced by their concentration in solution; thus, caution
is advised when extrapolating the results to very low AgNP
concentrations (ng/L) of environmental relevance. Our aims
were to investigate the effect of applied cross-flows, carrier
solutions, focus times, and quantity of injected particles on the
nature of the AF4 fractograms, recoveries, and on the behavior
of the AgNPs. We also report the results of a case study
assessing the aggregation of AgNPs in natural fjord waters
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under previously optimized AF4 conditions. Overall, we con-
sider the provided information novel and relevant for the op-
timization of AF4 separation techniques with NPs.

Our final goal is to stablish a method for the characteri-
zation of the stability, size distribution, transport, and con-
centration of AgNPs in high ionic strength matrices such as
estuarine and marine waters.

Materials and methods

Spherically shaped AgNPs coated with lipoic acid
(AgNP_LA) were purchased from nanoComposix (Prague,
Czech Republic) in three different nominal sizes given by
the supplier (20, 50, and 80 nm in diameter) as 1 g/L disper-
sions (BioPure™) in ultrapure water. These stock dispersions
were diluted with ultrapure water obtained from a Milli-Q
water purification system (Merck group), with a resistivity
of 18.2 M{)-cm and total organic carbon of <5 ppb, to 10
and 50 mg/L working dispersions. These working solutions
were kept refrigerated at 5 °C in polypropylene vials covered
from light. Before use, the working dispersions were treated
for 2 min in an ultrasonic bath in order to eliminate any
agglomerates.

The AF4 separation system used in this study is shown in
the graphical abstract. Carrier and cleaning solutions were
supplied to the separation system via a Dionex ICS-900 pump
(Thermo Fisher Scientific, USA). The isocratic pump com-
prised a 6-way valve for fluidic control and an injection loop
(Rheodyne) which was manually loaded with AgNP working
dispersions using a syringe. Loops with an internal volume of
20 and 100 uL were used for the injection of 50 and 10 mg/L
AgNP dispersions, respectively, equal to the injection of
1.0 pg of AgNPs. An Eclipse AF4 system (Wyatt
Technology Europe GmbH, Germany) regulated all pro-
grammed steps of the separation including applied flow pro-
files, rates, directions, durations, and pressures. The Dionex
pump and the Eclipse AF4 system were controlled via the
software Chromeleon (version 6.80 SR13, Thermo Fisher
Scientific, USA). Fluidic connection between pump and
Eclipse AF4 and between Eclipse AF4 and separation channel
was facilitated via polyether ether ketone (PEEK) tubing with
inner diameters of 0.5 and 0.25 mm, respectively. The length
of the separation channel was 29 cm with a height of 350 pum,
defined by the dimensions of the used trapezoidal-shaped
PEEK spacer. The separation membrane (Wyatt Technology
Europe GmbH, Germany) was located between spacer and
bottom ceramic frit and was made of polyether sulfone
(PES) with a cutoff of 10 kDa. The membranes were replaced
after ca. 50 consecutive runs. After replacement, at least five
runs were performed in order to condition the new membrane
with AgNPs. Silver nanoparticles were introduced from the
injection loop onto the separation membrane using a flow rate

of 0.2 mL/min. A flow rate of 0.5 mL/min was chosen for the
detector and the channel. The separation protocol comprised
six consecutive steps, each characterized by its individual du-
ration and applied cross-flow rate (V) as shown in the exam-
ple of Table S1.

For the evaluation of the quality of the separation and the
characterization of the AgNP fractions’ optical properties,
UV/Vis spectra were recorded using a Shimadzu SPD-
M10Avp photodiode array detector (PDA, graphical abstract)
linked to the Eclipse AF4 device with 0.25-mm ID PEEK
tubing and controlled with a SCL-10Avp unit via the
LCsolution software 1.03 SP3 (Shimadzu). UV/Vis spectra
were analyzed at the respective absorption maximum (Aax)
of the individual AgNP size fractions, with \,.x(d = 20 nm)
= 399 nm, A\a(d = 50 nm) = 422 nm, and A\, (d = 80 nm)
= 469 nm. Fractograms of a 1:1 mixture of 20- and 50-nm as
well as 20- and 80-nm AgNPs were analyzed at wavelengths
of 410 and 434 nm, respectively (average wavelength of the
individual absorption maxima). For a characterization of the
AgNP fractions in terms of particle size via dynamic light
scattering (DLS), a ZetaSizer Nano-ZS (Malvern, UK; DLS
(8) in graphical abstract) was linked to the Eclipse AF4 device
with 0.25-mm ID PEEK tubing. The particle size was deter-
mined every 3 s using a quartz flow-through cell ZMV1008
(Hellma Analytics, Germany; 3 x 3 mm, 8.5-mm center
height). In order to provide sufficient backpressure for the
system (ca. 13 bar was required with a detector flow rate of
1 mL/min and no applied cross-flow according to the Eclipse
AF4 handbook), the length of a 0.125-mm ID PEEK tubing at
the sample outlet towards the waste was adjusted accordingly.

Three different carrier solutions were used for the AF4
experiments:

1. pH-adjusted ultrapure water (pH = 8§, I = 0.02 mM);
from now on “water pH 8”

2. Sodium chloride 1 mM (NaCl, reagent grade; Fisher
Chemicals, UK) in ultrapure water (pH = 8)

3. Mucasol® 0.05% v/v (alkaline surfactant; Merz GmbH,
Germany) in ultrapure water (pH = 10.5)

The pH of ultrapure water and 1 mM NaCl was adjusted
with 1 M sodium hydroxide (NaOH, 98.5%; Acros Organics,
Belgium). At the beginning of each experimental day, the
system was rinsed with the respective carrier solution for at
least 30 min. The first run with an injected sample was per-
formed to ensure a saturation of the membrane and the ac-
quired fractogram was not used in subsequent analyses. At
the end of every measurement day, the whole system was
flushed with a mixture of ultrapure water and ethanol (10%
v/v EtOH; Merck, Germany) to avoid any crystallization in
the tubing and separation channel. In order to remove any
potential accumulations of AgNPs or silver chloride species
inside the fluidic system and separation channel, the system
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was washed after ca. every 40-50 runs with an aqueous solu-
tion, which contained 0.5% v/v Mucasol and 1 mM nitric acid
(65% p.a. HNO3; AppliCem, Germany).

For the characterization of the optical properties of the
AgNPs independently from the AF4 system, a spectrophoto-
metric system consisting of a DTMini-2-GS deuterium tung-
sten halogen light source (Ocean Optics, USA) and a
USB4000 spectrophotometer (Ocean Optics, USA) was used.
These devices were connected via optical fibers to the sample
holder containing a 1 x 1 cm quartz cuvette (Agilent
Technologies). The USB4000 spectrophotometer was operat-
ed in a wavelength range of 200 to 850 nm with the Ocean
View Spectroscopy Software Version 1.4.1. For the acquisi-
tion of UV/Vis spectra, the AgNP stock dispersions were di-
luted to a mass concentration of 5 mg/L.

Size distributions as well as zeta-potentials of the AgNP
batches were determined using the abovementioned ZetaSizer
Nano-ZS equipment. The determination of the size distribu-
tions was performed with a mass concentration of 1 mg/L of
the respective AgNPs in ultrapure water using disposable cu-
vettes (ZEN0040; Malver, UK). Zeta-potentials were deter-
mined with 2.5 mg/L. AgNP dispersions in ultrapure water
using folded capillary cells (DTS 1060; Malvern, UK).
Electrophoretic mobility measurements were transformed to
zeta-potentials using Henry’s equation under the
Smoluchowski’s approximation using the software provided
by the Malvern instrument [53, 54]. Aggregation experiments
were conducted in a natural fjord water surface sample col-
lected in Kiel Fjord (54.368° N, 10.195° E; southwest Baltic
Sea, north Germany). A total of 1.9 mL fjord water was spiked

with 0.1 mL of 50 mg/L AgNP_LA dispersions. The fjord
water sample was characterized, and the main parameters
measured are presented elsewhere [55]. The determined pH
(7.7), salinity (17.19), and total organic carbon (277 puM)
values are the expected for large estuarine-like systems, such
as the Kiel Fjord.

In order to offer a complete approach for the analysis of
AgNPs on the hyphenated AF4 system, we evaluated a large
variety of settings: effect of carrier solution, effect of applied
cross-flow, effect of focus time, recovery or quality of sepa-
ration. The experiments were performed in single runs or du-
plicates. Table 1 summarizes all the experiments conducted
with the hyphenated AF4 system.

Results and discussion
Characterization of AgNP batches

Prior to the conceptualization of any AF4 size separation ex-
periment, the AgNPs coated with lipoic acid were carefully
characterized in terms of size distribution, polydispersity, and
zeta-potential (Table 2) as well as their optical properties
(Fig. 1).

The measured dy; for the three different AgNP batches were
slightly higher than the diameters determined via transmission
electron microscopy (drgy,) by the supplier. DLS measures
hydrodynamic sizes, whereas TEM images are representative
of hard-core sizes. The differences observed between the
AgNP diameters measured using DLS and TEM are attributed

Table 1T Summary of the hyphenated AF4 experimental design. Experiments were conducted in single runs or duplicates
Test Sample Elution conditions
Carrier solution V, (mL min ) Focus time (min)
Effect of carrier solution Individual AgNP LA fractions Water pH 8 0.0 10
and applied cross-flow (20 nm, 50 nm, and 80 nm) 0.05% v/v Mucasol 0.2
1 mM NaCl 0.5
1
Effect of focus time 50 nm AgNP LA Water pH 8 0.5 2
5
10
Recovery 20 nm AgNP LA Water pH 8 0.0 10
0.05% v/v Mucasol 0.2
1 mM NaCl 0.5
0.7
1
Quality of separation Mixture 1:1 20 nm and 50 nm AgNP LA Water pH 8 0.5 10
1
Mixture 1:1 20 nm and 80 nm AgNP_LA Water pH 8 0.3
0.05% v/v Mucasol 0.5
1 mM NaCl 0.7
Separation of AgNPs Mixture 1:1 20 nm and 80 nm AgNP LA 0.05% v/v Mucasol 0.5 10

in marine coastal waters spiked into fjord water
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Table 2 Size characterization of AgNP_LA in batch and in AF4-UV/
Vis-DLS system. Results obtained with the ZetaSizer Nano-ZS for the
hydrodynamic diameter d;;, polydispersity index Pdl, and zeta-potential
(. Parenthesized values were determined ca. 4 months after purchasing

the AgNPs; all other values were determined directly after delivery. AF4
experiments were conducted within 2 months after AgNP delivery.
Values shown in the table for 1:1 AgNP_LA mixtures were acquired
with the best experimental conditions

Sample Batch characterization AF4-UV/Vis-DLS system
AgNP dy (nm) dreyv Pdl ¢ (mV) Sample AgNP Carrier solution dy (nm)
(mg'L™) (nm) * (mg-L™)
20 nm AgNP LA 2.5 28.5+1.0 204430 024+0.03 —26.7+44 20 nm AgNP_LA® 50 Water pH 8 35
(39.3£1.7) (0.32+0.01) 0.05% v/v Mucasol 42
1 mM NaCl 50
50 nm AgNP LA 2.5 52.2+0.6 48.6£4.5 0.12+0.02 —20.1£2.5 20 nm AgNP LA 50 Water pH 8 55
(64.3+2.3) (0.20+0.01) in mixture 1:1° 0.05% v/v Mucasol 55
1 mM NaCl 55
80 nm AgNP LA 2.5 97.3+0.8 83.2+104 0.07£0.01 —32.0£2.0 80 nm AgNP LA 50 Water pH 8 105
(101.6+1.1) (0.09+0.02) in mixture 1:1° 0.05% v/v Mucasol 120
1 mM NaCl 125

* Particle diameters (d7z),) determined with transmission electron microscopy were taken from the supplier’s specification sheet for the individual AgNP

batches
20 nm AgNP_LA d,; values for different carrier solutions (Fig. 3c)

¢ Different size fractions in 1:1 mixture of 20- and 80-nm AgNP LA (Fig. 7)

to the LA coating thickness and polydispersity of the AgNP
samples. The 80-nm AgNP_ LA batch showed the narrowest
and the 20-nm particles the widest distribution, with polydis-
persity indices (Pdl) of 0.07 £ 0.01 and 0.24 £ 0.03, respec-
tively. The determined negative zeta-potentials (¢) (a measure
for the formation of an electrochemical double layer and its
strength) indicate that the coating with lipoic acid produced a
negative surface charge by deprotonation of the carboxyl
group. According to the DLVO theory [56, 57], this leads to
an electrostatic stabilization of the particles. The long-term
stability of the lipoic acid-coated AgNPs was investigated in
terms of dy and PdI after ca. 4 months of storage at 5 °C

(parenthesized values in Table 2). For all three batches, dy;
and PdI increased, especially for the 20- and 50-nm particles
with a less negative zeta-potential and therefore weaker repul-
sion forces compared to the 80-nm particles. This observed
increase in size and polydispersity of the AgNPs may be due
to the highly concentrated stock dispersion (1 g/L), where the
probability for a diffusion-controlled approach of the nanopar-
ticles is much higher than that in dilute dispersions.

The different AgNP_LA batches featured absorbance spec-
tra with absorbance maxima of \,,,(d = 20 nm) = 399 nm,
Amax(d = 50 nm) = 422 nm, and \,,,.(d = 80 nm) = 469 nm
generated by surface plasmon resonance. The spectral

Fig. 1 UV/Vis spectra of the 1.0 L
individual AgNP_LA batches and
of a 1:1 mixture of 20-nm and 80-
nm particles. All spectra were ac- 0.8 -
quired in ultrapure water
3
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position, peak height, and bandwidth of those characteristic
absorption bands are determined by the particle composition,
shape, and size as well as the dielectric characteristics of the
surrounding environment [58]. The observable red shift of the
absorption band with increasing particle diameter can be as-
cribed to surface plasmon resonances. Multipole resonances
can be excited for particles with elevated diameters which
leads to a reduction of the depolarization field, where electrons
do not move in phase. This retardation effect results in a red
shift of the absorption band [58]. The observable peak broad-
ening and decrease of intensity with increased diameter can be
ascribed to radiative losses, which contributes to the plasmon
damping [58]. The recorded spectrum of a 1:1 mixture of 20-
and 80-nm AgNPs (dashed line in Fig. 1) can be regarded as
superposition of the two individual spectra. No shift of the
peak position and bandwidth was observed when using differ-
ent liquid media (ultrapure water, 0.05% v/v Mucasol and
1 mM NaCl; please be referred to Fig. S1). Thus, we did not
find significant oxidation and/or aggregation of AgNP LA in
the studied media. Based on a previous study [55], we hypoth-
esized that oxidation, in case it occurred, would take place
after the aggregation and later sedimentation of the AgNPs.

The characteristic optical property of AgNPs of different
sizes enables the determination of different AgNP size frac-
tions using UV/Vis spectroscopy and is therefore a powerful
detection tool for AF4 size separation approaches.

AF4 experiments with individual AgNP batches
Quantity of injected particles
In order to avoid a sample overload of the AF4 channel, it is

recommended to inject 107 to 10'® particles per run [59].
Higher particle numbers may result in a depression of

retention time (zz) and an asymmetric shape (fronting or
tailing) of the recorded peak [60-62]. With very low
injected particle numbers, their detection can be negatively
affected in terms of limit of detection and signal to noise
ratio of the respective detection system. Fractograms for the
injection of 10 and 50 mg/L dispersions of 20-nm
AgNP LA using the 20-pL injection loop, which is equiv-
alent to the injection of 4.4-10° and 2.2:10'° AgNPs, re-
spectively, are shown in Fig. 2.

For both fractograms, a symmetric peak was obtained with
a tg of 12.1 min. The fractogram of the 10 mg/L dispersion
showed a low signal to noise ratio compared to 50 mg/L, with
five times lower peak intensity and area. Furthermore, the
particle fraction could not be analyzed in terms of dj via
DLS as one can assume that the concentration was below
the limit of detection, whereas DLS reading was obtained
for the 50 mg/L dispersion. However, the recorded hydrody-
namic diameter (with d; = 60 nm at the minimum) is higher
than the diameter determined in the batch experiments for the
20-nm AgNP LA fraction (Table 2). This observation can be
metrologically explained by a perturbation of the diffusion-
controlled movement due to the applied flow in the online
coupled DLS measurement cell [63]. Physico-chemical expla-
nations for the observation of this bias will be given through-
out the discussion below. Throughout our study, we observed
a U-shaped distribution of the DLS data as a function of the
elution time. This was also observed in a variety of other
studies but the understanding of its appearance remains un-
clear. It can be hypothesized that the U-shaped distribution is
related to low particle concentrations at the beginning and end
of the elution peak, to the presence of larger aggregates in
solutions or to a change of the shape of the particles during
the separation and elution process [34]. In addition to the main
AgNP peak, the AF4 fractograms feature void peaks (at 7z =

Fig. 2 Fractograms of 20-nm
AgNP LA for 10 mg/L and 20
50 mg/L dispersions using a 20-
pL injection loop, 1 mM NaCl as
carrier solution, PES membrane,
and a constant cross-flow of V, =
0.5 mL/min. Dotted data points
indicate hydrodynamic diameter
(right y-axis)
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L §
1

Absotbance @ 399 nm / a.u.
e
1
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2 min in Fig. 2) due to unfocussed AgNPs, and release peaks
(at £z = 30 min for 10 mg/L and at #z = 35 min for 50 mg/L
dispersions in Fig. 2) due to retained AgNPs. The time shift of
the release peak was caused by a 5 min earlier start of the
flushing step for the 10 mg/L dispersion. The appearance
and nature of the void and release peaks are further discussed
throughout the following sections.

Based on the results shown in Fig. 2, we applied injections
of 50 mg/L dispersions using a 20-uL loop, and of 10 mg/L
dispersions using a 100-puL loop throughout the study present-
ed herein. This was equivalent to a quantity of 2.2:10'® parti-
cles for 20-nm AgNP_LA, 1.7-10° particles for 50-nm
AgNP LA, and 3.4-10% particles for 80-nm AgNP_ LA per
injection.

100 4 T T T T T I L] L ' B -
——V_=0.0 mL/min|

Q
~—

===V =02 ml./min;

|
soA4 1 keea. V_=0.5 mL/min|

=eememee V. =1.0ml ./min| ]
———————————

60 -

40 -

Absorbance @ 399 nm / a.u.
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—
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Effect of carrier solution and applied cross-flow

The most characteristic feature of AF4 is the applied cross-
flow (Vy): a field directed perpendicular to the parabolic ve-
locity channel flow profile which determines the nature and
appearance of the peaks in AF4 fractograms. The effect of
different cross-flows on the fractograms and #; of the 20-nm
AgNP_LA batch is shown in Fig. 3a and b. Fractograms for
20-nm AgNP LA for 0.05% v/v Mucasol and 1 mM NaCl as
carrier solution as well as data for 50- and 80-nm AgNP LA
batches are presented in Fig. S2 to Fig. S4.

A shift of the #5 as well as a broadening of the elution peaks
was observed when increasing the applied cross-flow. The
cross-flow affects the diffusion-driven transport of the injected
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particles perpendicular to parabolic velocity profile of the
channel flow, and thus the vertical distance of the particles
to the separation membrane. Particles of the same diameter
are located closer to the separation membrane with increasing
cross-flow, which means that they are affected by lower chan-
nel flow rate and broader velocity distribution, resulting in
slower elution (longer #;) and broadening of the elution peak.
The relationship between ¢z and applied cross-flow as a func-
tion of particle diameter can be assumed to be linear (Fig. 3b)
according to the following first-order approximation [60]:

mw?dy
=TV Y (1)
with the solvent viscosity 7, the channel height w, the time
required for the carrier solution to pass through the channel
(void time) #, the Boltzmann constant kg, the temperature 7,
and the geometric volume of the channel V’. Based on this
equation, particles of different diameter feature a characteristic
tz, which enables a size separation via AF4 (see section “AF4
experiments with AgNP mixtures”).

Another important parameter, which affects the perfor-
mance of AF4 systems, is the selected carrier solution. It can
be easily modified in terms of composition, ionic strength, and
pH value in order to ensure good quality of acquired
fractograms and size separation of polydisperse nanoparticle
samples. For AF4 experiments, it is recommended to use car-
rier solutions in a near-neutral pH range to ensure safe system
operating conditions [59]. Moreover, the physico-chemical
properties of the carrier solution should nearly mimic the
properties of the injected nanoparticle sample in order to avoid
perturbations such as aggregation, changes in particle and
membrane charge or double-layer thickness and particle-
membrane interactions [26]. Because of our future goal to
characterize seawater samples, a pH of ~8 was chosen for
ultrapure water and 1 mM NaCl as carrier solutions.
Additionally, a carrier solution containing 0.05% v/v of the
alkaline surfactant Mucasol was tested. Surfactants were ap-
plied in several studies in order to control the interactions
between particles and membrane [26, 59]. In general, the less
the interactions particle-membrane and particle-particle, the
shorter 1z [64—66].

The 20-nm AgNP_LA batch showed the highest ¢; with
1 mM NaCl as carrier solution, and the lowest with water
pH 8 (Fig. 3b and c). This observation was consistent
throughout the different AgNP LA batches (see Fig. S5).
As the ionic strength is increased, the electrochemical dou-
ble layer is more compressed of both the negatively charged
PES membrane (¢ ~ —10 mV was assumed for the PES
membrane at pH ~ 8 [67]) and the negatively charged
AgNP LA batches. This compression resulted in a shorter
Debye length and therefore a shorter vertical distance be-
tween particles and membrane [59]. As the particles
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approached closer to the membrane surface due to less re-
pulsive forces, they were affected by a slower channel flow
rate and broader velocity distribution, which caused longer
tr and peak broadening. When using 0.05% v/v Mucasol as
carrier solution, slightly longer #z compared to water pH 8
but noticeable shorter times compared to 1 mM NaCl were
observed (Fig. 3b and c). Any statement about the ionic
strength of the Mucasol-containing carrier solution is diffi-
cult due to the unknown concentrations of the containing
ionic species in solution. However, the pH of the 0.05% v/v
Mucasol solution (pH = 10.5) is 2.5 pH units higher than the
values for the other used carrier solutions. This pH increase
could have caused a shift in the zeta-potential of the PES mem-
brane of around 5 to 10 mV to more negative values, compared
to using solutions at pH ~ 8 [67]. The same effect on the zeta-
potential was observed for negatively charged AgNPs when
increasing the pH value of the surrounding solution [68]. This
higher charge of both the PES membrane and the AgNPs when
using 0.05% v/v Mucasol at pH = 10.5 led to stronger repul-
sive forces and therefore shorter #z compared to 1 mM NaCl.
Besides the shift in 7z due to the compression of the electro-
chemical double layer, the d;; of the particles was also in-
creased when using carrier solutions with a higher ionic
strength than water pH 8, as shown in Fig. 3c. Increases of
about 7 nm and 15 nm of dy were observed for 0.05% v/v
Mucasol and 1 mM NaCl, respectively. According to the
DLVO theory, increased ionic strength destabilizes electrostat-
ically stabilized systems, thus favoring the particle aggregation
and causing an increase of dy; and #z. The more negative charge
of the particles when using 0.05% v/v Mucasol compared to
1 mM NaCl, due to the different pH values of the solutions,
caused stronger repulsive forces between the AgNPs and thus
an attenuation of the aggregation process.

Effect of focus time

The focusing step in AF4 experiments (Table S1, step 4) en-
sures that injected particles will be focused sufficiently in a
horizontal zone which is as small as possible [69].
Furthermore, and most important, a vertical relaxation of the
injected particles takes place as a function of their individual
diffusion coefficients and applied cross-flow [70]. Thus, the
duration of the focusing step and the applied cross-flow affects
the nature and quality of the obtained fractogram [71] as
shown in Fig. 4.

The signal of the void peak decreased with longer focus
times (inset of Fig. 4a). For example, the signal of the void
peak for a focus time of 5 min was only half the intensity of
the peak acquired with a focus time of 2 min in step 4, while
the appearance of a void peak was almost negligible for
10 min of focusing time. This observation can be ascribed to
an insufficient focus step for shorter focus times, leading to the
pre-elution of unfocused nanoparticles. Additionally, a
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delayed elution of the 50-nm AgNP_LA batch with shorter
focus times was observed, e.g., the elution peak for 10-min
focus time had its maximum at 11.5 min, whereas the maxi-
mum for 2-min focus time was at 15.3 min. During injection,
particles are accumulated near the membrane on the bottom of
the channel. Once the injection flow is switched off, relaxation
processes affect the particles producing a diffusion-controlled
transport of the particles towards the center of the channel in
accordance with their respective diffusion coefficients. If this
time for relaxation (focus time) is chosen too short, insuffi-
cient relaxed particles are affected by slower speed of the
carrier solution during the elution step, compared to well-
relaxed particle spots. This occurs due to a closer distance of
the particles to the membrane, and the parabolic velocity pro-
file. The focus time not only affects the position of the elution
peak, but also its signal intensity. It is assumed that particles
are more favorable for the attachment on the membrane in the
focusing zone as a consequence of longer applied high field
strengths [60]. This is in accordance with a more intense re-
lease peak for a focus time of 10 min compared to smaller
release peaks when shorter focus times were applied (at 1z >
50 min in Fig. 4a). Release peaks are generated due to revers-
ibly attached particles to the membrane, which are eluted in
the flushing step when no cross-flow is applied.

The duration of the focus time also affected the dy; of the
detected fractions, as shown in Fig. 4b. When there was no
cross-flow and a 5-min focus step was applied, particles with
dy; = 59 nm were detected via online DLS. In contrast, a 10-
min focusing step led to the detection of a AgNP size fraction
with d;; = 70 nm. This observed increase of d; was caused by
a higher probability of particle aggregation due to high focus
field strengths, coming along with higher particle concentra-
tion in a very small zone and therefore closer particle-particle
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diameters determined with online coupled DLS at #; of absorbance max-
imum for different applied cross-flows and focus times

distance [60]. The same effect was observed as a consequence
of an increased applied cross-flow (Fig. 4b). The dj; was ca.
15 nm higher with V, = 1.0 mL/min, compared to no applied
cross-flow for both 5-min and 10-min focus times.

Recovery

The recovery of the sample is a suitable parameter for the
evaluation of the loss of particles as a consequence of their
accumulation on the separation membrane due to applied
cross-flows in AF4 experiments. Figure 5 shows the recovery
for 20-nm AgNP_LA with different carrier solutions as a
function of the applied cross-flow. Here, the recovery is
expressed as a normalized peak area, with a normalized peak
area of 1.0 being equivalent to a 100% recovery. Normalized
peak areas were obtained from the respective fractograms by
dividing the area of the elution peak (Fig. 5a) or the sum of the
areas of elution and release peak (Fig. Sb) by the area obtained
for V. = 0.0 mL/min. Thus, it was assumed that 100% recov-
ery was achieved when no cross-flow was applied.

Increased cross-flows affected the recovery of the 20-nm
AgNP LA sample negatively: ca. 10% decrease in recovery
for cross-flows of 0.5 and 1.0 mL/min, when water pH 8 and
0.05% v/v Mucasol were used as carrier solutions. Previous
studies demonstrated the effect of high cross-flows on the
increment of the membrane fouling, and therefore the de-
crease of the sample recovery [72]. This can be explained
due to more favorable inter-particle associations, and both
reversible and irreversible particle adhesion to the mem-
brane because of high field strengths [73, 74]. This effect
was even more predominant when using 1 mM NaCl as
carrier solution with recoveries of 80% and 73% for V, =
0.5 and 1.0 mL/min (Fig. 5a), respectively, as a
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Mucasol (triangles), and 1 mM NaCl (squares) as a function of the applied cross-flow

consequence of an elevated ionic strength affecting
particle-particle and particle-membrane interactions. Yet
a considerable AgNP fraction was reversibly attached to
the membrane, resulting in the presence of a dominant
release peak, and thus a shift of recovery to values up to
90% when taking into account the sum of the area of the
elution and release peaks (Fig. 5b). The reversibly attached
particles on the membrane, either in the focusing zone or
in the separation zone, were released when turning off the
cross-flow in the flushing step (step 6, Table S1). This re-
entrainment produced a release peak in the respective
fractograms (Fig. 3a and Fig. S2). The area of this peak
increased with increasing cross-flows. It was further ob-
served that the sum of both areas cannot be correlated to a
recovery of 100% with applied cross-flow for all carrier
solutions (Fig. 5b). Thus, the presence of irreversibly at-
tached particles or aggregation processes can be assumed,
most prominently in the focusing zone, where high field
strengths were applied [60]. In this zone, a change of color
of the membrane was observed after several runs by a
visual inspection, supporting the argument of irreversible
accumulation of AgNPs.

AF4 experiments with AGNP mixtures
Quality of separation

Based on Eq. (1) and the results presented in section 3.2,
fractograms of a mixture of particles of two different sizes
should feature two distinct, and most preferable baseline sepa-
rated elution peaks, each referring to one particle size fraction.
Figure 6 shows fractograms for a 1:1 mixture of 20- and 50-nm
AgNP_LA particles at two different cross-flows.
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Although two maxima were obtained for each fractogram,
corresponding to 20- and 50-nm particles, the two elution
peaks overlapped, which indicates an insufficient separation
of the size fractions, for both V., = 0.5 mL/min and V, =
1.0 mL/min. The height of the absorption signals decreased
by ca. 6 units for a cross-flow of 1.0 mL/min compared to
0.5 mL/min. This was in accordance with previous observa-
tions that a higher cross-flow generates a higher loss of
AgNPs due to the attachment on the membrane and more
favorable particle-particle interactions. The existence of ag-
gregated species was also indicated by the obtained DLS sig-
nal. The dj; of the mixture of particles increased by 12 nm at
the minimum, showing a broader distribution for V, =
1.0 mL/min, when compared to V, = 0.5 mL/min.
Considering dy, no distinct separate signals for the 20- and
the 50-nm AgNP_LA size fraction were obtained. Thus, it can
be assumed that the dys as well as the individual diffusion
coefficients were too similar, which precluded an efficient
separation. Presumably, higher applied cross-flows would
have led to a better separation, but at the expense of much
longer elution times and much greater particle losses due to
aggregation and membrane attachment.

A better size separation of AgNPs was achieved when
using a 1:1 mixture of 20- and 80-nm AgNP_LA (Fig. 7).

The maxima of the elution peaks for the individually ap-
plied cross-flows and carrier solutions were in good agree-
ment with the 7z obtained for the single AgNP LA batch
experiments (e.g., Fig. S5). Longest #; was determined with
1 mM NaCl and earliest elution was observed with water pH 8
as carrier solution due to the different ionic strengths of the
solutions, affecting particle-particle and particle-membrane
interactions. Best separation of 20-nm and 80-nm AgNP LA
was achieved with the carrier solutions 0.05% v/v Mucasol
and 1 mM NaCl and applied cross-flows of >0.5 mL/min.
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Under those conditions, the two peaks were separated consid-
erably closer to the baseline than for V, = 0.3 mL/min and
water pH 8 as carrier solution. The absorbance values at the
minimum between the two separated elution peaks were 0.6
and 0.4 a.u. for the applied cross-flows of 0.5 mL/min and
0.7 mL/min, respectively, for both 0.05% v/v Mucasol and
1 mM NaCl. However, the slightly better separation for V,
= 0.7 mL/min compared to 0.5 mL/min came with much
longer durations (10 to 15 min) of the separation experi-
ments. The fractograms obtained with 0.05% v/v Mucasol
as carrier solution feature a much more intense void peak (at
tr = 2 min) than fractograms for water pH 8 and | mM
NacCl, as also observed in the single batch experiments
(e.g., Fig. 3c and Fig. S2 to S4). This feature may be ex-
plained by the formation of micelles. The applied high field
strengths during the focusing step could have induced a pre-
concentration of the surfactant molecules, which exceeded
the critical micelle formation concentration. It was found in
earlier studies that the formation of micelles can generate an
undesired elution, which interfere with the detection of
nanoparticles [59].

Time / min

Higher tendency for particle aggregation can be assumed
for 0.05% v/v Mucasol and 1 mM NaCl compared to water
pH 8, which agrees with the lower detected intensity of the
peaks for these carrier solutions and shift to longer elution
times (Fig. 7). Those aggregates were also detectable with
the hyphenated DLS detector (dy; in Fig. 7). For all carrier
solutions, two distinct signals were obtained for dj;, correlat-
ing to the separated 20-nm and 80-nm AgNP LA fractions.
However, compared to water pH 8, d;; of the 80-nm fraction
was increased by ca. 15 nm and 20 nm when using 0.05% v/v
Mucasol and 1 mM NaCl, respectively, due to favorable ag-
gregation processes as a consequence of the increased ionic
strengths of the carrier solutions. The aggregation was also
linked to the detection of a broader size distribution for both
20-nm and 80-nm AgNP LA fractions when using 0.05% v/v
Mucasol and 1 mM NaCl as carrier solutions.

Separation of AgNPs in marine coastal waters as a case study

As AF4 is a sensitive technique to determine distinct signals
for different nanoparticle size fractions, we assumed that this

water pH 8
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Fig. 7 Fractograms of a 1:1 mixture of 20- and 80-nm AgNP LA acquired with different cross-flows and carrier solutions. Hydrodynamic diameter was

determined for V, = 0.7 mL/min
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Fig.8 Temporal trend of a the normalized absorbance of the SPR band (calculated by dividing the absorbance (A) at the given time after spiking AgNP_
LA into fjord water by the absorbance at # = 0 min (A0)) measured with UV/Vis spectrophotometry and b hydrodynamic diameter measured with DLS

technique could be used to investigate the fate of AgNPs, in
terms of their aggregation behavior, in natural waters. First,
we characterized the behavior of AgNP LA in the fjord water
sample in batch using the DLS and UV/Vis techniques
(Fig. 8). The size evolution over time was measured to check
for possible NP aggregation during the AF4 experiments.

The normalized absorbance of the SPR band for 50-nm
AgNP LA featured the steepest decrease over time (red line,
Fig. 8a), indicating a low stability compared to 20- and 80-nm
AgNP_LA. Slowest decrease was observed for 80-nm
AgNP LA (for absorbance spectra, see Fig. S6a, b, c). This
observation is in accordance with the determined zeta-
potentials (Table 2), where more negative values indicate en-
hanced stability. Normalized absorbance showed little change
after ca. 10 min for all three AgNP_LA fractions (inset Fig.
8a). The original dy; values (Table 2) were increased over time
up to values around 600 and 1000 nm for d; = 50/80 and
20 nm, respectively (for temporal trend of Pdl, see Fig. S6d).
The observed behavior is similar to that found with other
electrostatically stabilized AgNPs in marine environments
[20], and is attributed to the weak electrostatic stabilization
provided by specific coatings such as the lactic acid, and po-
tential interactions with the organic matter present in the sam-
ple. The observed transformations of the pristine AgNP LA
involved aggregation and possibly oxidation processes,
though a detailed study of these phenomena is out of the scope
of this manuscript. Using an analytical approach that com-
bined AF4, ICP-MS, and UV/Vis, D.C. Antonio et al. [75]
showed that it is possible to assess in detail the agglomeration
process of electrostatically stabilized AgNPs in artificial
seawater.

As a case study of the AF4 technique optimization, a 1:1
mixture of 20- and 80-nm AgNP LA was spiked into ultra-
pure water and marine water collected from Kiel Fjord. The
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dispersion prepared in ultrapure water was directly injected
into the AF4 system once prepared (black signal in Fig. 9).
In order to track any changes in elution behavior/particle size
with the change of the dispersion matrix, the AgNPs dispersed
in marine water (red signal in Fig. 9) were injected into the
AF4 system 20 min after the preparation, when small aggre-
gates were already formed in the solution (Fig. 8). Based on
the AF4 optimization experiments, 0.05% v/v Mucasol as
carrier solution and V, = 0.5 mL/min were chosen for this
case study as a compromise between separation quality and
duration of the separation run.

A decrease in the elution peak height of ca. 66% was ob-
served for both fractions, from 6.0 to 2.0 a.u. for 20-nm
AgNP LA and from 3.8 to 1.3 a.u. for 80-nm AgNP LA.
This decrease was accompanied by a broadening of the 80-
nm AgNP LA elution peak and a shift to longer elution times,
from 24 min with mixtures prepared in ultrapure water to
about 28 min with AgNPs spiked in fjord water. In contrast,
the 7z for 20-nm AgNP LA in fjord water decreased slightly
(8.2 compared to 10.2 min for AgNP LA dispersed in ultra-
pure water). In addition, an increase in the release peak was
observed. This fact is explained by the formation of larger size
particle fractions in high ionic strength matrices like the fjord
water. Under cross-flow conditions, these aggregated frac-
tions are completely retained in the separation channel and
are released at the end of the elution process. DLS data
showed poorly separated signals when AgNPs were spiked
into natural fjord water, with an almost extinction of the 20-
nm AgNP LA fraction, and a shift of the 80-nm AgNP LA
size fraction signal from 100 to 200 nm, accompanied with
much broader size distribution. In this case, a potential contri-
bution from the dissolved organic matter in the fjord water
should be also considered, thus limiting the applicability of
this approach to similar matrices than those used in this study.
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Conclusions

This study showed that AF4 coupled with a multiparameter
detection system can be a powerful tool to investigate the
behavior and fate of nanoparticles in natural waters. A thor-
ough characterization and optimization of the system is re-
quired in order to determine the best possible conditions for
a careful and reliable examination of AgNPs. It was shown
that parameters such as quantity of injected particles, applied
cross-flow, focusing time, and carrier solutions affect the na-
ture of the acquired fractograms and thus the quality of the size
separation of AgNPs. Furthermore, parameters for size sepa-
ration have to be chosen in a manner that integrity of the
AgNPs within the separation system will not be jeopardized
in terms of particle-particle and particle-membrane interac-
tions. However, a compromise has to be made between high
sample throughput and separation quality, as best separation
was achieved under high cross-flow conditions which came
along with longer experiment times. Thus, the behavior and
fate of AgNPs in natural waters, in terms of their aggregation
kinetics, can be recorded using hyphenated AF4-UV/Vis-
DLS, but at the cost of temporal resolution. The AF4 tech-
nique can be used for the direct injection of marine water
samples to characterize stabilized silver nanoparticle species
at concentrations exceeding those currently found in natural
waters.
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