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Among the physical and chemical properties of nanomaterials, hydrophobicity is
considered to play a key role in their impact on the environment. Changes in
hydrophobicity resulting from abiotic and biotic processes can be used to predict
the behaviours of nanoparticles (NPs) in the environment (e.g., aggregation,
toxicity, and bioaccumulation). Hydrophobicity changes induced by sulfidation
and natural organic matter (NOM) corona formation were evaluated by
monitoring the binding rate of silver (Ag) NPs on engineered surfaces using
dark-field microscopy (DFM). It was found that this DFM-based method was
more capable of distinguishing the hydrophobicity of environmentally relevant
AgNPs than the dye adsorption method. Under the conditions tested in this study,
sulfidation and adsorption of sulfidized NOM/“lipid-free” (LF-)NOM increased the
hydrophobicity of AgNPs. Both methods demonstrate the tendency of AgNPs to
become more hydrophobic after sulfidation. This study shows that DFM-based
methods can effectively measure the hydrophobicity of environmentally relevant
NPs and have the potential to be widely used as fate predictors in the future.
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1 Introduction

The growth of nanotechnologies in commercial, biomedical and industrial domains,
leads to the inevitable release of engineered nanomaterials (NMs) into the environment
(Vance et al., 2015; Spurgeon et al., 2020). Silver nanoparticles (AgNPs), as model metallic
NMs, are released from antimicrobial products and other sources (Kaphle et al., 2018;
Hedberg et al., 2021; Zergui, 2023). These AgNPs will then be discharged to the environment
(i.e., carried in a stream, released to rivers in the effluent, incorporated into soils as sludge
amendments, etc.,) (Courtois et al., 2021; Rex M et al., 2023)

For example, AgNPs are involved in environmental applications such as catalytic
reduction agents to transform or degrade contaminants (Heinemann et al., 2021), in
which AgNPs can be released into the air or water. Among the physical and chemical
properties of NMs (e.g., size, shape, and charge), hydrophobicity is a key descriptor adopted
for risk assessment (Oomen et al., 2018). Hydrophobicity has a crucial role in several
biological processes [e.g., protein adsorption (Bergfreund et al., 2021), cellular uptake (Li
et al., 2015; Tabatabaie et al., 2022), and immune response (Li et al., 2018)], and is important
for the prediction of environmental fate and transport (Gambardella and Pinsino, 2022).
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More specifically, the hydrophobicity of NMs, often
functionalized with different coatings, directly affects toxicity
(Zhang et al., 2015; Auclair et al., 2019), bioaccumulation
(Moyano et al., 2014), aggregation (Jiang et al., 2017) and
interactions with hydrophobic surfaces (Ma et al., 2018). AgNPs,
due to their physicochemical properties, in particular surface/
coating hydrophobicity and exposure conditions (e.g., media
composition, pH and temperature) show multiple nano-toxic
effect on both human health and environment (Ottoni et al.,
2020). This aspect reveals the importance to understand the
behaviour of these AgNPs when release in the environment to
develop new risk assessment procedures.

When NMs enter the environment, they encounter various
organic and inorganic molecules such as natural organic matter
(NOM), ions, proteins and polysaccharides which can change the
surface properties of the NMs. For example, the presence of reduced
sulfur, either in engineered or natural systems (Padhye et al., 2023;
Qi et al., 2023), can sulfidize AgNPs (Levard et al., 2011; 2012),
which induces ligand-dependent formation of a silver sulfide (Ag2S)
layer (Nguyen et al., 2018), changing the properties of the AgNPs
(e.g., toxicity, electrical conductivity, surface charge). Furthermore,
the exposure of NMs to biomolecules is recognized to form a
dynamic corona, such as a NOM corona (Baalousha et al., 2018;
Baalousha et al., 2022), which also modifies the surface properties of
NMs and their behaviour in a variety of mediums (Zhu et al., 2013;
Tan et al., 2022). Changes in both quantity and quality of adsorbed
NOM can affect the fate of NMs (Furman et al., 2013). For example,
conformational and structural variations of the NOM corona of
Al2O3 NPs affect their colloidal stability, with the more
hydrophobic, lower polarity and high molecular weight fraction
of humic acids increasing their stability (Ghosh et al., 2010).
Another study shows that the amount and type of NOM
adsorbed onto multi-walled carbon nanotubes (MWCNTs) affect
their stability (Hyung and Kim, 2008). Increasing NOM
concentrations increases the stability of MWCNTs and also there
was increased stability of MWCNTs with adsorbed Suwannee River
humic acids than with Suwannee River NOM. This highlights the
importance of studying how both sulfidation and a NOM corona
affect the hydrophobicity of AgNPs. This study differs from previous
ones because it focuses on how AgNPs sulfidation and NOM corona
composition affect the hydrophobicity of AgNPs. For all these
reasons, predicting the changes in hydrophobicity of AgNPs, is a
fundamental aspect to be considered in models of risk assessment
and could be used in the near future to predict their fate and
transport in the environment.

Only a few methods are currently available for the
characterisation of the hydrophobicity of NMs (Xiao and
Wiesner, 2012; Li et al., 2022a): octanol-water partitioning
(Toropova and Toropov, 2021), commonly used for chemicals,
contact angle measurements, usually applied to flat surfaces
(Garner et al., 2020), dye adsorption assays (e.g., Rose Bengal,
Nile Blue A) (Li et al., 2022b) and hydrophobic interaction
chromatography (Crandon et al., 2020), usually used for proteins
(Taylor et al., 2022). All of these methods have advantages and
disadvantages, as summarized in a previous comparison (Crandon
et al., 2020).

We have recently proposed a Dark Field Microscopy (DFM)-
based method for the direct quantification of NMs’ hydrophobicity

(Desmet et al., 2017; Valsesia et al., 2018). The novelty of this
method resides in the ability to provide an absolute value (Hy) of
NM’s hydrophobicity, in a complex but robust theoretical
background, which allows a simple and rapid screening of this
parameter and, furthermore, has been recognised as a standard
method to characterize NM’s hydrophobicity and has been
approved as a test guideline (TG 126) by the OECD (OECD,
2023). The DFM-based method, suitable for NPs with large
scattering capability (refractive index n ≥ 1.4), allows us to
quantify the binding rates of NPs to hydrophobic and
hydrophilic surfaces, in terms of the number of particles
adsorbed as a function of time. Hydrophobicity is calculated by
comparing the binding rate of NPs on three different collectors. This
technique, compared to the others listed above, is based on a
standard optical microscope in a dark-field configuration
equipped with a camera and it requires a short time to obtain
results (45 min for a whole sample measurement on three
collectors). It requires µg of material at a concentration of
around 108 particles/mL for the analysis and it is able to detect
different NMs [e.g., gold (Valsesia et al., 2018) and silver NPs,
titanium, silica, cerium, iron, copper, zinc oxide, gallium nitride
(Ciobanu et al., 2022) and also nanoplastics (Pradel et al., 2020;
Veclin et al., 2022)]. Moreover, it can detect NMs made of noble
metal down to 60 nm and organic ones around 100 nm, but, by
using an enhanced dark-field condenser (Valloton et al., 2015), it
enables the detection of particles with size down to 20 nm.

Recent studies support that the sulfidation of NMs (Du et al.,
2019; Xu et al., 2020) as well as the presence of NOM (Fu and Zhang,
2018), can affect the hydrophobicity of NMs. The transformation
and fate of sulfidized AgNPs, as model NMs, have been investigated
in numerous studies (Levard et al., 2013; Nguyen et al., 2018;
Pettibone et al., 2018; Leuther et al., 2020; Kang et al., 2023), but
few studies (Du et al., 2019) have considered how sulfidation can
affect the hydrophobicity of AgNPs with direct measurements of the
changes in hydrophobicity. In this study, a novel DFM-based
method is used to measure the hydrophobicity of AgNPs in
solution. This study demonstrated how the hydrophobicity of
pristine AgNPs changes after their sulfidation and the acquisition
of a NOM corona, and the effectiveness of using the DFM-based
method to measure the hydrophobicity of environmentally
relevant NMs.

2 Materials and methods

2.1 Nanoparticles

Pristine 50 nm polyvinylpyrrolidone (PVP, 40 kDa) coated
silver nanoparticles (P-AgNPs) supplied by NanoComposix (San
Diego, California, US) were used as NMs. Metallic nanoparticles,
including AgNPs, are often capped with PVP for stability and
biocompatibility (El-Shamy et al., 2023). More specifically, PVP
capped AgNPs are being developed for use as antimicrobial agents
(Saravanakumar et al., 2020), medical treatments (Abdellatif et al.,
2022), and biosensors (Pourmadadi et al., 2023). Suwanee River
Aquatic Standard (International Humic Substances Society,
2R101N) was used as the natural organic matter (NOM) and the
“lipid free” NOM (LF-NOM) was obtained by chemical
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fractionation following an adaptation of various methods (Folch
et al., 1957; Bligh and Dyer, 1959; Oasmaa and Kuoppala, 2003).
Sulfidation of AgNPs was performed as described by Levard et al.,
2011 with a minor modification on the mixing condition. In a 2 mL
centrifuge tube, 2 mM sodium sulfide (Na2S) was used to react with
200 mg/L P-AgNPs at a molar ratio of S/Ag = 1.08 in milliQ water
and 10 mMNaNO3 (Levard et al., 2011). Mixing was provided in the
dark at 22.5°C for 24 h. The sulfidized AgNPs (S-AgNPs) was then
subjected to centrifugation at 3,700 G for 25 min. MilliQ water was
used to re-suspend the S-AgNPs, and the centrifugation step was
repeated once. The same procedures and Na2S concentration were
used for the sulfidation of NOM/LFNOM (80 mg/L), without
centrifugation. Each sample was prepared as 2 mL of 100 mg/L of
P-AgNPs/S-AgNPs dispersed in a medium composed of milliQ
water, 1 mM sodium nitrate (NaNO3) (Fisher, Certified ACS, S-
343-500) and 1 mM sodium bicarbonate (NaHCO3) which had been
adjusted to a pH of 7.0 ± 0.10. The suspended AgNP samples were
incubated with 40 mg/L DOC pristine (P-) or sulfidized (S-) NOM/
LFNOM for 24 h.

The excess NOM/LFNOM was removed by filtering with a
3 kDa centrifuge filter (Amicon, US). This resulted in the
samples listed in Table 1.

2.2 Characterisation of nanoparticles

The AgNP samples were characterised through Dynamic Light
Scattering (DLS) for hydrodynamic diameter (HD) measurements
and electrophoretic mobility measurements were used to calculate
the zeta potential (ZP) by using the Smoluchowski equation
(Malvern Zetasizer NS, disposable folded capillary cell DTS1070).
Average HD and ZP were measured both in the original medium of
1 mM sodium nitrate and sodium bicarbonate with a pH of 7.0 ±
0.1) and in 10 mM phosphate buffer pH 7.2, used to reduce the
electrostatic repulsion between particles and surfaces of the same
charge, before DFM measurements, and can be found in
Supplementary Table S2.

Additional characterisations of these AgNPs were performed
using different spectroscopy methods (i.e., ATR-FTIR, XPS, and
ICP-OES) to assess changes in the surface and composition
(i.e., PVP capped AgNPs, 50 nm, from NanoComposix); these
can be found in our previous publications (Zhu et al., 2016;
Nguyen et al., 2018).

The mass of adsorbed NOM (as dissolved organic carbon;
mgDOC) was calculated from measurements taken of the 3 kDa
centrifuge filter filtrate. The resulting filtrate mgDOC was

subtracted from the 40 mg/L DOC used and the result is the
mgDOC of adsorbed NOM/LF-NOM.

2.3 Representative nanomaterials

To compare different values of hydrophobicity for the
measured AgNP samples, expressed as Hy, a set of
representative materials was chosen from a list described by
the Organisation for Economic Co-Operation and
Development (OECD) overview of the testing programme of
manufactured NMs and from the report on the JRC
Nanomaterials (Cotogno et al., 2016). Moreover, the selected
representative NMs, were characterised through the described
dark-field microscopy technique, in an inter-laboratory
comparison (ILC) study together with nine different
laboratories from US and Europe, to assess the method
transferability and applicability. The described methodology
was approved as a test guideline (TG 126) by the OECD in
April 2023 and has been published on the OECD website on the
1st of July, together with a JRC technical report on the outcomes
of the ILC organised by JRC (Desmet et al., 2023).

2.4 Collector surfaces

Barcoded glass slides (NEXTERION®, Size: 75.6 mm ×
25.0 mm ± 0.1, Thickness: 1.0 mm ± 0.05) supplied by SCHOTT
(Jena, Germany) were used as substrate for all the experiments.

2.5 Preparation of collector surfaces

The glass slides were modified with different deposition processes
in order to tune surface hydrophobicity (Desmet et al., 2017; Valsesia
et al., 2018). First, a layer of (3-Glycidyloxypropyl)-
trimethoxysilane, ≥98%, Sigma-Aldrich (GPTMS) 2% in 95%
ethanol, was deposited to secure a better adhesion of the next layer
of polytetrafluoroethylene (PTFE). This coating was plasma deposited
to generate a hydrophobic surface, using pure octofluorocyclobutane
(C4F8) as the gas-precursor at a pressure of 3.5 Pa, applying a power of
140W for 5 min. In this way a 90 nm thick layer of PTFE is deposited
on the glass slide. To change the surface hydrophobicity, a layer-by-
layer deposition of two polyelectrolytes (PEs) was then
performed. The PTFE modified substrates were dipped for 2 min
in poly-(diallyldimethylammonium chloride) (PDDA) 2% solution in

TABLE 1 Combination of AgNPs and NOM/LF-NOM corona used in this study.

Corona\AgNPs Pristine Sulfidized

No Corona P-AgNPs S-AgNPs

Pristine NOM P-AgNPs with P-NOM corona S-AgNPs with P-NOM corona

Sulfidized NOM P-AgNPs with S-NOM corona S-AgNPs with S-NOM corona

Pristine LF-NOM P-AgNPs with P-LF-NOM corona S-AgNPs with P-LF-NOM corona

Sulfidized LF-NOM P-AgNPs with S-LF-NOM corona S-AgNPs with S-LF-NOM corona
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water or in poly (sodium 4-styrene sulphonate) (PSS) 2% in water for
the self-assembly deposition of each PE layer, starting from PDDA
(positively charged) and alternating with PSS (negatively charged).
After each step, the substrate was rinsed with milliQ water and dried
under nitrogen flow.

The fabricated slides are called T0 (PTFE layer, hydrophobic),
T4 (last layer of PSS, hydrophilic, negatively charged) and T5 (last
layer of PDDA, hydrophilic, positively charged).

2.6 Characterisation of collector surfaces

The collectors’ surface was characterised by using different
techniques (Desmet et al., 2017; Valsesia et al., 2018). The
thickness and refractive index of each deposited layer were
measured by Ellipsometry (Vase VUVTM J.A. Woollam Co.,). The
contact angle and surface energy of the modified glass slides were
determined by using a Digidrop TM goniometer with two liquids
(water and 1-bromonaphtalene). The surface topography and
roughness of the slides were measured using AFM (NT MDT
Russia). Zeta potential was calculated with streaming potential
measurements which were performed for a range of pH from
3 to 10 with a step of 0.5 in order to characterise the surface
charge using an ElectroKinetic Analyser (Anton Paar, Austria)
(Desmet et al., 2017; Valsesia et al., 2018). Finally, a control test,
based on dark-field microscopy (DFM), with a known standard
sample (Polybead® Polystyrene Microspheres 0.5 µm, Polysciences,
Inc.), was performed to validate the collectors’ properties. Each
substrate was mounted with a 16-channel sticky microfluidic cell of
controlled volume, height, and surface (Microfluidic ChipShop
GmbH, Jena, Germany) for samples’ injection.

The results of collector’s characterisation are provided in
Table 2.

2.7 Nanoparticles binding study by dark field
microscopy

Dark field image sequences were recorded in order to measure
the NPs binding rates on three different collectors. Imaging was
performed using the following parameters: ×10 magnification,
numerical aperture NA = 1.5, and imaging software configured
to capture images every 30 s for 12 min (25 images). These
measurements were performed in static mode using a
commercial microfluidic cell supplied by ChipShop (Jena,
Germany) and mounted on the collector. Before starting
registration with DFM, 20 µL of each sample, corresponding to
the total volume of the channel, was injected.

2.8 Automatic images analysis with ImageJ
software

The image analysis was performed using the Trackmate
Plugin of the software ImageJ. Briefly, the analysis consists of
an automatic detection of AgNPs for each frame, and the tracking
of their positions within the sequence of frames. The objects that
are stationary for more than two consecutive frames were
counted. This automatic calculation determines the number of
bound AgNPs per unit of time, corresponding to the binding rate
of AgNPs on the collector. The analysis was done on six different
areas (120 μm × 120 µm) for each images sequence for statistical
analysis.

2.9 Data analysis

The data treatment and calculations of the AgNPs’
hydrophobicity were performed with Microsoft Excel®. The
values of binding rates, which are represented by the slope of the
NPs binding curves on three different collectors, are used to quantify
the hydrophobicity.

This parameter, expressed in terms of hydrophobicity index
(Hy), is defined as the logarithm of the ratio between, the binding
rate (Vs) of a material on the hydrophobic collector (T0), directly
related to NM’s degree of hydrophobicity, and the one (Vmax) on the
hydrophilic and positively charged collector (T5), where the binding
rate is at its maximum, in the absence of an energy barrier between
the nanoparticle and the collector surface.

Hy � log
vs

v max
( )

According to this parameter, which is a direct measurement of
the tendency of a material to stay in the water phase or bound to the
hydrophobic collector, a NM is considered hydrophobic when the
value of this index is slightly negative (close to 0), while a hydrophilic
one shows negative values far from 0 (<−1). The Hy is represented in
Figure 1. Further details are provided in the Supplementary Material
section.

2.10 Cost effectiveness of the dark field
microscopy method

Regarding the economic criteria, the “cost-per-assay”, shown in
Table 3, was considered composed of three different factors,
which are:

TABLE 2 Results of the collectors’ physicochemical characterisation.

Surface Zeta potential (mV) Height (nm) Roughness (nm) CA water (deg) CA bromonaphtalene (deg) Hy PS500

T0 −61.2 ± 0.1 123 ± 1 0.29 ± 0.03 105 ± 1 73 ± 2 −0.9 ± 0.05

T4 −62.4 ± 0.6 3.41 ± 0.03 0.83 ± 0.08 57 ± 2 43 ± 3

T5 −4.1 ± 0.3 3.82 ± 0.03 0.85 ± 0.09 72 ± 2 44 ± 4
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1. The duration of the assay. This is the time required to get an
answer as soon as the sample is ready to be measured. This does
not correspond to the time needed for the operator to perform
the whole measurement.

2. The cost of the reading instrument. The reading instrument is the
hardware necessary to perform the measurement. The cost of the
reading instrument is the market price for a typical instrument
(e.g., an optical spectrometer or a camera) capable of measuring
the property related to the hydrophobicity.

3. The cost of the consumable(s) needed to perform the
measurement. This is one of the major factors influencing the
“cost-per-assay.” In the cases of the octanol/water partitioning
coefficient, dye absorption and contact angle methods, the cost of
the consumable (s) is limited to a small amount of standard
chemicals. In the case of the chromatography method, the
consumable (s) cost is higher, since the minimum number of
pre-packed columns needed for one experiment is three, and the
cost of one column is about 35 Euros. In the case of the technique
showed in the current paper, the cost for the production of
collectors in a research laboratory is around 5 Euros.

2.11 Nanoparticle hydrophobicity
measurement by Rose Bengal and Nile Blue
A dye

Stock solutions of 150 mg/L of Rose Bengal (RB) (Alfa Aesar,
A17053) and Nile Blue A (NBA) (Alfa Aesar, A17174) were
prepared with milliQ water in 50 mL centrifuge tubes. The dye
solutions were filtered with 0.2 µm Nylon filter. The measurement
was carried out similar to that described in (Crandon et al., 2020).
Samples were prepared with P-AgNPs or S-AgNPs obtained after
the filtration of AgNPs with 3 kDa centrifugation filter. AgNPs were
added at a constant concentration of 30 mg-Ag/L and RB/NBA dye
was added at concentrations of 1, 3, 5, 10, 12, and 15 mg/L into 2 mL
centrifuge tubes. MilliQ water, 1 mM NaNO3 and 1 mM NaHCO3

were also added. The solutions were mixed for 3 h in a shake table at
110 RPM and then centrifuged at 10,000 RPM for 30 min. 300 μL of
the supernatant was removed and the absorbance measured. A
wavelength of 548 nm was used for the RB dye and 635 nm for
the NBA dye to measure the absorbance of the dye remaining in
solution.

Once the absorbance is measured, the following formula is used,

LogHR � log
klin,RB
klin,NBA

( )
where the HR is the hydrophobicity ratio, klin,RB is the linear
adsorption constant for the RB dye, and klin,NBA is the linear
adsorption constant for the NBA dye.

3 Results and discussion

3.1 NOM sulfidation has the most effect on
the hydrophobicity of AgNPs

In the absence of NOM, S-AgNPs were more hydrophobic than
P-AgNPs, with an increase in Hy of 0.43 ± 0.08. Since sulfidation of
AgNPs has been found to change the composition and conformation
of proteins adsorbed onto AgNPs (Du et al., 2019), we hypothesized
that NOM quality (i.e., not quantity) causes a change in the
hydrophobicity of S-AgNPs after the acquisition of NOM corona.

To evaluate the relative importance of quality and quantity of NOM
corona on the hydrophobicity of AgNPs, we normalized theΔHy values
with the mass of NOM adsorbed per mass of AgNPs (Figure 2).
Comparing P-AgNPs with S-AgNPs, there was no significant change
in hydrophobicity with the acquisition of P-NOM corona. The
sulfidation of AgNPs did not change the quality of P-NOM corona
to an extent that would induce a significant change in hydrophobicity.

The formation of organosulfur compounds during sulfidation
could increase the hydrophobicity of AgNPs (Cooper et al., 1997;
Perlinger et al., 2002). Considering how the sulfidation of NOM
impacts hydrophobicity, it was found that S-NOM increases the
hydrophobicity of P-AgNPs by a normalized ΔHy 1.70 ± 0.05, while
it does not significantly change the hydrophobicity of S-AgNPs. Indeed,
our preliminary mass spectrometry data revealed that the sum relative
abundance of sulfur-containing compounds in the S-NOM corona of
P-AgNPs was 4.8 times higher than in the S-NOM corona of S-AgNPs.
The higher abundance of sulfur-containing compounds increased the
hydrophobicity of the P-AgNPs.

In this study, a corona of LF-NOM (i.e., a NOM fraction for which
the lipids removed accounted for 30% of the mass) was investigated. A
P-LF-NOM corona did not significantly change the hydrophobicity of
P-AgNPs, but it decreases the hydrophobicity of S-AgNPs by a

TABLE 3 Comparison of methods according to economic criteria.

Methods
criteria

Octanol/
water

Dye
absorption

Contact
angle

Chromatography Affinity to
collectors

Duration of the assay (Hour) 1 24 2 2 1

Cost of reading instrument. All the hardware
components, not consumable. (K Euro)

10 10 10 10–100a 25b

Cost of measuring unit, consumable chip (Euro) 1 1 1 100 5c

aDepends on the bulk material constituting the nanoparticles.
bCost for a standard optical microscope with good camera and Dark Field configuration.
cCost of the research-grade chip. Cost can be scaled down by mass production.
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normalized ΔHy of 0.86 ± 0.07. With the removal of lipids, LF-NOM
should be more hydrophilic which could result in the decrease in
hydrophobicity. Also, the preliminary mass spectrometry data detected
sulfur-containing compounds in the P-LF-NOM corona of P-AgNPs

and did not detect any in the P-LF-NOM corona of S-AgNPs. An S-LF-
NOM corona increased the hydrophobicity of both P-AgNPs and
S-AgNPs by a normalized ΔHy of 1.74 ± 0.08 and 0.82 ± 0.24,
respectively. Even with the removal of lipids from NOM, the

FIGURE 1
Graphic representation of the Hy. The binding rate (in this case the experiment terminated after a certain time t) of all the particles (characterized by
negative z-potential) on the positively charged collector (T5) is limited by the diffusion, since no energy barrier is present between the particles and the
surface. For particles with a hydrophilic tendency, the ratio between the number of particles bound to T0 compared to the one bound to the T5 will be a
small fraction of 1, consequently the Hy index will be a negative number far from 0. The higher the hydrophobicity of the particles, the higher will be
the biding rate on T0. The Hy will be still a negative value, but closer to zero.

FIGURE 2
Change in hydrophobicity for P-AgNPs (orange) and S-AgNPs (green) with the addition of the NOM/LFNOM corona normalized by the adsorbed
NOM/LFNOM. Error bars represent triplicate Hy measurements.
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increase in organosulfur compounds also resulted in an increase in
hydrophobicity for AgNPs with an S-LF-NOM corona. The
preliminary mass spectrometry data also identified a 1.2 times
higher sum relative abundance of sulfur-containing species in the
S-LF-NOM corona of P-AgNPs than S-AgNPs.

The sulfidation of NOM corona (i.e., an increased abundance of
organosulfur compounds) was the most influential in exerting a change
in the hydrophobicity of AgNPs. For AgNPs with a P-NOM corona,
there was no significant change in hydrophobicity, even with the
sulfidation of AgNPs. The removal of lipids decreased the
hydrophobicity of S-AgNPs but with sulfidation of the LF-NOM, as
with the S-NOM, there was still an increase in hydrophobicity for
AgNPs resulting from the increase in organosulfur compounds. In a
sulfidizing environment and in the presence of NOM, the increase in

hydrophobicity of AgNPs will affect their fate and transport such as
promoting their deposition onto hydrophobic surfaces (Song et al., 2011)
or increasing its absorption onto mucus surfaces (Liu et al., 2020). The
increase in hydrophobicity can also play a role in the adsorption of other
contaminants (i.e., brominated flame retardants (Khan et al., 2023), etc.)
onto the AgNPs, which will then serve as carriers of these contaminants.

3.2 DFM-based method better differentiates
the hydrophobicity of AgNPs than the dye
adsorption method

Hydrophobicity of AgNPs was also measured using the dye
adsorption method [log (HR)], shown in Figure 3, to compare these

FIGURE 3
Hydrophobicity of samples measured as log (HR) using the dye adsorption method. Same colour code of Figure 4. +Representative nanomaterials
(Crandon et al., 2020) with their respective log (HR) values were added for a comparison. NOM = natural organic matter, LFNOM = lipid-free natural
organic matter, Silica-NH2 = aminated SiO2, CuO = naked copper oxide and Silica = naked SiO2.

FIGURE 4
Hydrophobicity of samples measured as Hy using the dark field microscopy method. Representative nanomaterials with their respective Hy values
were added for a comparison. Using the referencematerial values as a range, the hydrophilic samples were highlighted in green, hydrophobic ones in red,
while samples with an intermediate value of Hy are represented with a yellow hue. NOM = natural organic matter, LFNOM = lipid-free natural organic
matter, TiO2-h (NM103) = hydrophobic TiO2 coated with dimethicone (PDMS), TiO2 (E171) = naked TiO2 used as food additive, PS-h = naked
polystyrene, PS-COOH = carboxylated polystyrene and Silica = naked SiO2.
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results with the ones obtained through DFM (Hy), shown in
Figure 4. The results were color-coded in relation to a scale
represented by reference materials with different hydrophobicity.

Both methods agreed that, in the absence of NOM, sulfidation of
AgNPs increased the hydrophobicity although the contrast in color
was better observed with that DFM-based method than with the dye
adsorption method. With DFM, we observed that AgNPs were more
hydrophobic with the addition of a sulfidized NOM/LF-NOM
corona while such increase in hydrophobicity was not detected
by the dye adsorption method.

The dye adsorption method was not as sensitive as the DFM
method in detecting the difference in the hydrophobicity of
AgNPs. The dye adsorption values were very close to zero,
indicating non-specific binding of hydrophobic (Rose Bengal)
and hydrophilic (Nile Blue A) dyes to the surface of AgNPs.
These results are affected by the presence of corona and its
affinity for the dye, which is highly sensitive to the
heterogeneity of the NP surface, resulting in non-specific
binding between the dye and NP, unable to distinguish

hydrophobicity from samples with different NOM/LFNOM
corona.

3.3 DFM-basedmethodwas sensitive only to
the hydrophobicity of AgNPs

We examined the correlation between the Ag NP surface ZP
and the binding rate on three different collectors, as well as the
particle size and binding rate measured by DLS. The results are
shown in Figures 5A, B. Figure 5A shows the correlation between
particle binding rate and zeta potential. These values do not
correlate with the binding rate of T5 (measured r equal to
0.1, <<0.5).

On the other hand, they were negatively correlated with
retention on T0 (r = −0.81). In other words, the more negative
the zeta potential, the higher the retention. Since the zeta potential
of the T0 collector is strongly negative, it means that the binding of
particles to the T0 collector is driven by hydrophobic interactions

FIGURE 5
Correlation of the chemical-physical parameters of the particles with the binding rate (v) on the T0 (hydrophobic) and the T5 (positively charged)
collectors. Mean values of charge as (A) ZP and size as (B) HD were used. r indicates the Pearson’s coefficient of linear correlation.

FIGURE 6
Difference in scale and approach of the DFM and the dye adsorption methods used. Not drawn to scale.
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rather than electrostatic forces. Figure 5B shows the correlation
between the DLS size and the binding rates. In this case, there is a
positive correlation (r = 0.91) between the size and the binding rate
to T0, indicating that particles with a tendency to aggregate, thus
hydrophobic, tend to bind more to the hydrophobic collector.
There is still no correlation between the size and the biding rate
with T5 collector. The data in Figure 5A shows exactly the opposite
trend. It is evident that the binding of the particles to the
hydrophobic collector is dominated by hydrophobic
interactions, according to the XDLVO theory (van Oss, 1993;
Donaldson et al., 2015).

To summarize, the data demonstrated that the binding rates are
not driven by the ZP and the HD of AgNPs, confirming the absence
of correlation between Hy values and these physicochemical
parameters. DFM-based method detected the changes in
hydrophobicity of AgNPs by measuring the binding rate between
a sphere (AgNP) and a flat substrate (engineered surface), while in
the case of dye adsorption method, these changes were not revealed
due to sensitivity limits (Figure 6).

4 Conclusion

Sulfidation of AgNPs and NOM/LF-NOM resulted in
increased hydrophobicity of AgNPs. This increase in
hydrophobicity was attributed to an increase in organic sulfur
content of the NOM-Corona. The DFM method is more sensitive
to detect changes in the hydrophobicity of AgNPs than the dye
adsorption method. Both approaches are based on different
physical mechanisms. The DFM method is based on the
interaction of particles with a stationary phase. Particles can
be modelled as hard spheres interacting with an infinite flat
surface, and the surface properties of the particles can be
considered uniform. On the other hand, in the dye adsorption
method, the size of the dye molecule is comparable to the size of
the particle surface roughness. Dye molecules can bind locally for
non-specific interactions. The result is that the difference in
hydrophobicity is less pronounced.
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