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ARTICLE INFO ABSTRACT

Keywords: When nanoparticles enter aquatic environments, they acquire natural surface coatings (eco-coronas) that govern
AFM their fate, transport, and toxicity. This study employs atomic force microscopy (AFM) adhesion force mapping to

Adhesion forces characterize these coatings following in situ formation under natural conditions. Titanium dioxide nanoparticles

I(\:I(e::gﬁamcles (n-TiOy) and flat single-crystal TiOy substrates (absence of curvature and roughness effects) were exposed to
Su rfacfwate s three chemically distinct surface waters, revealing pronounced variability in adhesion force strength, range
Eco-corona (min-max differences), and spatial patchiness, nanoscale heterogeneity metrics inaccessible to bulk techniques.

Moran’s I analysis of crystal-TiO5 confirmed positive spatial autocorrelation across samples, indicating patchy
eco-coronas. Terrestrially dominated water (high DOC, humic-rich) produced the widest adhesion ranges,
reflecting polydisperse humic adsorption. Microbial-enriched waters exhibited high adhesion forces comparable
to terrestrial waters but lower variability ranges, while calcareous water (high Ca®*, ionic strength) yielded the
lowest forces with less ordered spatial patterns. Moreover, sessile drop contact angle measurements on crystals
further revealed macroscopic hydrophilicity changes.

In addition, complementary analyses of particle size, morphology, surface charge, and functional groups of the
exposed nanoparticles to the surface waters provided multi-technique validation of surface modifications. These
results establish AFM adhesion mapping as a powerful approach for resolving eco-corona heterogeneity under

environmentally relevant conditions.

1. Introduction

Titanium dioxide nanoparticles (n-TiOy) are utilized in a wide range
of industries and consumer products, including food, cosmetics, paint,
construction, wastewater treatment, catalysis, and the biomedical sector
[1-3]. The n-TiO, market size is projected to reach $20 billion by 2025
[4]. Extensive production and widespread application have led to the
inevitable release of n-TiO into aquatic environments [5]. Around the
early 2010 s, concerns emerged regarding the potential environmental
and health risks associated with n-TiOs, including adverse effects on
aquatic life such as fish, invertebrates, and microbial communities
[6-8]. Since then, environmental scientists have focused on under-
standing the probable transformations of these particles in natural wa-
ters [9,10]. Once nanoparticles enter aquatic environments, they can
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interact with organic and inorganic substances, such as dissolved
organic matter (DOM) or dissolved salts, leading to the formation of
natural coatings on their surfaces [11]. Several studies have demon-
strated that organic coatings can substantially alter the behavior of n-
TiOs. Auffan et al. [12] showed that polydimethylsiloxane coatings
rapidly desorb and oxidize in aqueous media, indicating that surface
layers are unstable under environmental conditions. Bing et al. [13]
reported that protein coronas affect nanoparticle size, surface charge,
and protein secondary structure, while Du et al. [14] found that corona
formation depends on the crystalline phase of TiO5. Furthermore, Yuan
et al. [15] emphasized the role of hydrogen bonding, showing that
corona mass increases with higher surface hydroxyl density. Collec-
tively, these studies illustrate the diverse chemical mechanisms that
govern corona formation on n-TiO,.
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Over the past few decades, AFM has become a powerful tool for
studying the formation and properties of coatings on nanoparticles
[16,17]. AFM is a high-resolution imaging technique that enables the
investigation of surface topography and physicochemical properties of
solid surfaces. The sample is scanned using a tip mounted on a spring-
like cantilever [18]. In AFM adhesion force measurements, the force
between the tip and the sample is monitored during scanning by
measuring the deflection of the cantilever, which is then converted into
force-distance curves [19]. For instance, protein-surface adhesion to
mesoporous TiOy is shown to strengthen with larger pore sizes and
increased surface roughness, primarily due to greater contact area be-
tween the protein and TiO surface [20]. AFM adhesion measurements
have also been applied in environmental studies, such as evaluating soil
properties by investigating bacterial adhesion to mineral surfaces [21].
They have also been used to explore the interactions of natural organic
matter (NOM) with mica surfaces, demonstrating that these interactions
depend not only on the characteristics of NOM, such as functional
groups, but also on the ionic strength of the reaction medium [22].
Regarding coating formation on nanoparticles, Oras et al. [23] investi-
gated the adhesion forces between gold nanoparticles functionalized
with various hydrophilic and hydrophobic groups and silicon tips,
showing substantial differences depending on the nature of these ter-
minal functional groups.

Although numerous studies have characterized natural coating for-
mation on nanoparticles under controlled laboratory conditions
[24-27], their direct applicability to complex aquatic environments
remains uncertain. Louie et al. reviewed how macromolecular coatings
affect key physicochemical processes influencing nanomaterial fate in
the environment. They identified the main research gap as insufficient
characterization of these adsorbed layers and their changes in natural
systems [28]. Laboratory models simplify the complexity of natural
waters, potentially overlooking heterogeneous and dynamic interactions
that drive eco-corona formation, the evolving layer of natural organic
matter and inorganic ions adsorbing onto particle surfaces during
environmental exposure. For instance, inorganic ion effects cannot be
disentangled from DOM sorption due to complex, dynamic interactions
between ions and organic molecules, such as cation bridging that forms
intermolecular assemblies. This discrepancy highlights a critical gap in
understanding the evolution of nanoparticle surface properties under
truly natural conditions.

To address the abovementioned challenge, passive sampling strate-
gies have gained increasing attention because they allow surfaces or
particles to interact with their surrounding environment without active
manipulation, thereby minimizing artefacts introduced during sample
handling. AFM substrates exposed in natural or urban settings have
revealed nano to millimeter-scale films consisting of mineral particles,
organic matter, and biological macromolecules [29]. Additional AFM-
based investigations have examined the passive growth of surface
films on stainless steel in aqueous conditions, utilizing gold markers as
reference points [30]. Moreover, studies have shown that AFM can
characterize atmospheric aerosol particles with minimal sample prepa-
ration [31].

Building on this concept, we previously developed a method using
dialysis bags to investigate the in situ formation of nanoparticle coatings
in natural waters [32]. The semipermeable membrane permits the
diffusion of dissolved organic matter and ions, enabling eco-corona
formation under authentic environmental conditions while avoiding
the mixing with natural colloids. This refinement was not implemented
in previous passive sampling methods. By eliminating interference from
suspended colloids, the system allows a more targeted investigation of
DOM-ion-nanoparticle interactions. Using this approach, we combined
analytical techniques and complementary statistical analyses to char-
acterize the chemical composition and variability of coatings formed
inside dialysis bags, for instance, Philippe et al. [33] have reported the
use of the dialysis bag approach applied to a wide variety of surface
waters to predict the zeta potential of nanoparticles with a realistic eco-
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corona and explore the coating composition using XPS. However, this
study focused on bulk properties without information on the heteroge-
neity of the coating at the nanoparticle scale.

In the present study, this methodology is extended by employing
AFM-based adhesion force measurements to gain deeper insight into the
structure and heterogeneity of the eco-corona (Fig. 1). This study
demonstrates the potential of AFM adhesion force mapping as a
powerful tool for characterizing nanoparticle coatings formed under
natural environmental conditions. The primary objective is to evaluate
whether adhesion forces serve as sensitive indicators of eco-corona
physicochemical properties. As a feasibility study, this work focuses
on assessing the method's potential and the nature of obtainable nano-
scale information. We hypothesize that adhesion force variations reflect
differences in eco-corona composition and structural organization,
thereby providing nanoscale insights into its heterogeneity.

The novelty of this work lies in combining realistic environmental
exposure with nanoscale characterization, demonstrating that passive
sampling via dialysis bags provides a simple, low-cost, and broadly
applicable method for studying eco-corona formation across diverse
freshwater systems. A central methodological challenge in applying
AFM to such systems lies in immobilizing nanoparticles without altering
their naturally formed coatings. To address this, we developed an
immobilization procedure that preserves individual particles under
natural conditions, bypassing the need for conventional sample prepa-
ration after coating formation and thereby minimizing perturbations
during handling (Fig. 1A). To the best of our knowledge, this approach
has not been used previously in coating studies of nanoparticles.

We compared adhesion forces across three different surface waters
selected to represent extreme differences in ionic strength and DOM. We
further examined edge effects, quantified roughness contributions by
including flat crystal-TiO; surfaces as references [34], and discussed the
implications of patchy surface coverage. Additionally, we used the flat
crystal-TiOz surfaces to investigate the relationship between hydrophi-
licity (water contact angle) and AFM measurements, as using flat crystal-
TiO4 avoids complications associated with the small and irregular ge-
ometries of n-TiOy, such as air pocket formation and sample heteroge-
neity [35]. AFM adhesion force mapping revealed variability in
adhesion force strength, range (min-max differences), and spatial
patchiness, key indicators of exposed surface water chemistry. Com-
plementary techniques (Fig. 1B), including high-resolution transmission
electron microscopy (HR-TEM), zeta potential ({-potential), attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), X-
ray photoelectron spectroscopy (XPS), and laser desorption/ionization
Fourier transform ion cyclotron resonance mass spectrometry (LDI-FT-
ICR MS), comprehensively characterized the chemical and structural
features of these natural coatings.

This work provides a basis for extending AFM-based characterization
to larger and more environmentally diverse sample sets. With an
increased number of surface-water exposures, statistical analyses can be
conducted to elucidate patterns governing sorption processes within the
eco-corona. When integrated with complementary analytical tech-
niques, these datasets have the potential to yield more comprehensive
information on eco-corona composition and formation mechanisms.
Moreover, as n-TiOy P25 consists predominantly of anatase-phase TiOo,
future studies can expand this approach to nanoparticles with different
crystal phases to assess how phase-dependent surface properties influ-
ence eco-corona formation.

2. Materials and methods
2.1. Materials
2.1.1. n-TiOy
Aeroxide® n-TiOz P25 powder (Evonik Degussa, Germany) is a

commercially available titanium dioxide reference material consisting
of approximately 80 % anatase and 20 % rutile. This hydrophilic
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n-TiO,

Exposure to natural surface waters (using dialysis bags)
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Fig. 1. Schematic overview of the study. n-TiO, were exposed to three surface waters using dialysis bags. (A) Immobilized n-TiO, were analyzed by AFM, flat TiO,
crystals were used as a reference for the roughness effect. (B) Various analytical techniques characterized suspended n-TiO,.

powder, with a high specific surface area (25-65 m?/g), is widely used in
surface water studies and serves as a reference in toxicological and
environmental transformation research [36]. Its strong catalytic and
photocatalytic properties make it valuable for various industrial and
scientific applications [37]. Further details on the characteristics of
these particles are described elsewhere [38].

2.1.2. Crystal-TiO»

Flat TiO, crystal substrates (Purity > 99.99 %, crystal orienta-
tion:100, structure: rutile, roughness: < 0.5 nm, size: 5*5*0.5 mm) were
purchased from Crystal Substrates, Traverse City, USA. The specification
of the crystal can be found elsewhere [39].

2.1.3. Dialysis bags

The specifications of the dialysis bags, as well as the conditioning
method, are described elsewhere [40]. Briefly, Biotech Cylindrical Cel-
lulose Ester (CE) Membranes (Float-A-Lyzer®, molecular weight cut off
= 100 kDa), purchased from Repligen (California, USA), were soaked in
10 % (v/v) ethanol-water and rinsed with distilled water (DW). The
membranes were stored in DW until further usage.

Due to the molecular weight cut-off of the bag (100 kDa), colloidal
particles and molecules with very large molecular weight, which can
disturb the analysis by aggregating with the investigated particles or
attaching to the surface of the glue, are excluded from diffusion into the
bag. As a result, only dissolved matter and inorganic ions can reach the
nanoparticle surface. This enables us to disentangle the formation of the
eco-corona from the aggregation of natural colloids with a bit smaller or
similar size than the investigated nanoparticles. This is essential since, in
this study, we aim to focus on the sorption layer instead of the hetero-
aggregative behavior. Nonetheless, the limit between aggregation and
sorption is arbitrary and is here operationally defined as the cut-off of
the membrane, which roughly corresponds to half the size of the
particles.

The exposure time of the dialysis bags to surface waters was opti-
mized to 48 h in our previous work [33]. This duration is long enough to
allow equilibrium of DOM between the inside and outside of the dialysis
bags, which typically occurs within a few hours, depending on tem-
perature and water characteristics. At the same time, it is short enough
to prevent membrane degradation (both chemical and biological) in
river waters. It should be noted that this experimental setup is not
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intended to capture the kinetics of sorption, which depend on the initial
concentrations and diffusion rate through the membrane. Instead, the
study focuses on assessing the final surface state after equilibrium has
been reached.

2.1.4. Surface waters and measuring their physicochemical parameters

The three surface water sites as SW1, SW2, and SW3 (Table 1) were
selected from a larger dataset obtained in our previous study [33]. All
sites are located in Germany. Detailed properties are provided in
Tables S2, S3-1, S3-2, and Fig. S1.

Water chemistry measurements followed procedures from our pre-
vious work [11]. Samples were collected in HDPE canisters 1 m from the
bank, with pH (SG2-FK SevenGo, Mettler Toledo, Schwerzenbach,
Switzerland), electrical conductivity (EC) (Consort C863, Turnhout,
Belgium), and alkalinity (Hanna Freshwater Alkalinity Colorimeter,
Vohringen, Germany) measured on-site. Samples were transported
within 3 h in portable refrigerators, filtered upon arrival using 0.7 pm
glass microfiber filters (Labsolute, Germany; calcined at 400 °C for 5 h),
then stored in the dark at 4 °C. Dissolved organic matter (DOC) was
measured using a TOC analyzer (multi-N/C 2100, Analytik Jena AG,
Germany). Anions (F~, ClI~, SO37) and cations (Na*, K¥, Ca®*, Mg?")
were analyzed by ion chromatography (Professional IC 881, Metrohm,
Herisau, Switzerland).

The quality of DOC, including its source and chemical composition
such as humic substances, fulvic acids, proteins, and aromaticity was
evaluated via UV-Vis and fluorescence spectroscopy [41]. UV-Vis
spectra were obtained with a Jena-Specord50 spectrophotometer
(Analytik Jena, Jena, Germany). Fluorescence excitation/emission
matrices (EEMs) were recorded using a PerkinElmer LS 55 (MA, USA),
with emission from 250 to 700 nm in 20 nm increments at 1200 nm/min
scan rate. Both excitation and emission slit widths were 10 nm. Indices
for fluorescence and UV-Vis were calculated with the “Stardom” R
package (R-4.1.0) after correcting for the inner filter effect.

2.2. n-TiOz (in suspension): Exposure of n-TiOz to surface waters using
dialysis bags

The exposure of n-TiOs to different surface waters using dialysis bags
is fully detailed in our previous work [11]. The exposure was performed
on the same day (October 2023) and in the same positions (Table S2) of
water collection. In brief, the dialysis bags were filled with 10 mL of a 2
g/L suspension of n-TiO5 (two dialysis bags for each surface water) and
exposed to the surface waters for 48 h. After collection, the suspended
particles from the two bags were pooled together into a centrifuge tube.
The pooled suspensions were centrifuged at 4500 rpm (3283 g) for 60
min. The supernatant was withdrawn carefully to the last drop. The
remaining centrifugate was freeze-dried (Christ, Osterode, Germany) for
two continuous days at —40 °C and 0.12 mbar. The freeze-dried samples
were used for HR-TEM, {-potential, ATR-FTIR, XPS, and LDI-FT-ICR MS
analyses. The effect of freeze drying on ATR-FTIR and XPS is discussed in
SI (SI/ Partl-1). To provide a reference of unexposed, i.e., pristine
nanoparticles for each analysis, n-TiO, were dialyzed against deionized
water (48 h) in the bags to remove the soluble residue from them.

Table 1
Abbreviations used to represent the sample names in this study.
Abbreviation Sample
SW1 Surface water 1
n-TiOy Pristine TiO, P25 nanoparticles.
Crystal-TiO, Pristine crystal TiO substrate.
n-TiO,/SW1 n-TiO, nanoparticles exposed to the surface water 1

Crystal-TiO2/SW1 Crystal-TiO, Substrate exposed to the surface water 1!

! The same notation applies for surface waters 2 and 3. All sampling sites are
located in Germany. Detailed properties of these surface waters are provided in
Tables S2, S3-1, and S3-2.
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2.2.1. HR-TEM

Approximately 1 mg of the powder samples were suspended in 1 mL
ultrapure water using vortex and ultrasonic bath. A 5 uL drop of this
suspension was deposited on a copper TEM-grid coated with a carbon
membrane. The excess of liquid was soaked using a filter paper and the
remaining water film was left to dry under ambient conditions.

Transmission electron microscopy (TEM) measurements were per-
formed using a JEOL 2100F (JEOL Ltd., Tokyo, Japan) field emission
gun instrument operating at 200 kV equipped with a polar piece of ultra-
high resolution. Images were recorded on an UltraScan 4000 Gatan
(Gatan Inc., Pleasanton, CA, United States) camera with a 4 k x 4 k pixel
CCD. ImageJ was used to estimate the size of the nanoparticles.

2.2.2. (-potential

The ¢{-potential measurements of the nanoparticles have been re-
ported previously by our group [33]. Briefly, 2.2 mL of each surface
water was centrifuged at 5,000 rpm (4.050 g) for 60 min (Universal 320,
E4123 rotor, Hettich, Switzerland) to obtain a clear supernatant. A 1.5
mL aliquot was transferred into a polystyrene cuvette and mixed with
1.5 uL of nanoparticle suspension (0.5 mg/L, prepared by ultra-
sonication of 500 mg/L freeze-dried nanoparticles for 30 min). Mea-
surements were performed at 25 °C using a Wallis zeta-potential
analyzer (Cordouan Technologies, France) by laser Doppler velocim-
etry. The {-potential was calculated via Smoluchowski’s approximation
from ten replicates. Calibration with NIST SRM 1993 yielded —56 + 4
mV, consistent with the certified value (—58 + 5 mV).

2.2.3. ATR-FTIR

An Agilent Cary 630 FTIR Spectrometer equipped with a single-
reflection diamond ATR element was used for ATR-FTIR measure-
ments. Spectra were recorded against an air background before
measuring each sample. The spectral resolution was set to 4 cm ™, and
32 scans were averaged for each spectral measurement within the range
of 4000-650 cm™!. Two replicates were measured to verify spectral
consistency. Peak positions remained unchanged across replicates, and
one representative spectrum is reported. Raw spectra were smoothed
using a Savitzky-Golay filter (P = 3, n = 21) and visualized with R using
the “ggplot2” package.

2.2.4. XPS

The XPS measurements were performed on samples to confirm
changes in surface chemistry after exposure, using a K-Alpha + XPS
spectrometer (ThermoFisher Scientific, Brno, Czech Republic). The data
were acquired and processed using the Thermo Avantage software. All
freeze-dried samples were analyzed using a micro-focused, mono-
chromated Al K, X-ray source (400 um spot size). The K-Alpha + charge
compensation system was employed during analysis, using electrons of
8 eV energy, and low-energy argon ions to prevent any localized charge
build-up. Two areas (400 pm each) of the deposited powder were
analyzed to confirm reproducibility and homogeneity. One of them is
reported for quantitative analysis, as both areas showed comparable
results (In case of any discrepancy, a third area would have been
measured). The spectra were fitted with one or more Voigt profiles (BE
uncertainty: + 0.2 eV) and use of Shirley background. The full width at
half maximum for each peak is comprised between 1.5 and 2 eV, with
special care on similar values within one photoelectron line. Scofield
sensitivity factors [42] were applied for correction of the peak area and
the quantification is given with an error of + 10 % on the atom con-
centration. Spectra were referenced on the carbon (C-C, C-H) at 285.0
eV. All spectra were fitted on the same way and same constraints to
ensure a confident comparison between the results.

2.2.5. LDI-FT-ICR MS

The LDI-FT-ICR MS analyses were conducted on selected samples to
investigate changes in molecular composition following nanoparticle
exposure using a 12 T solariX FT-ICR mass spectrometer (Bruker
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Daltonics, Bremen, Germany). The instrument was externally calibrated
using direct injection of a 2-ppm solution of Suwannee River Fulvic Acid
(SRFA) reference material (SRFA-II, 2S101F, International Humic Sub-
stances Society). 1 uL of n-TiO4 suspension, which was exposed to sur-
face water, in addition to an unexposed P25 pristine nanoparticles, was
directly deployed on a Stainless-Steel target (384 MTP ground steel,
Bruker Daltonics, Bremen, Germany) and left to air dry. All samples
were analyzed in negative ion mode using a MALDI source (Smartbeam
II), operating at an optimized fluence to minimize fragmentation while
ensuring efficient desorption and ionization of the DOM corona. The
parameters were as follows: 200 laser shots with a spot size of 20 pm and
20 % laser power were used for each spectrum. A total of 128 spectra
were randomly acquired on the target using selective accumulation,
resulting in comparable total ion counts (TIC) between spectra (8 x
107-7 x 10%). Data acquisition and processing were performed using
Bruker Compass Data Analysis software 5.0 (Bruker Daltonics Inc.,
Billerica, MA, USA). Mass spectra were internally recalibrated with a list
of 164 masses (between 247-719.1 m/z) commonly found in SRFA, and
calibrant masses with errors > |0.1| ppm were removed, resulting in
mass accuracy after linear calibration being better than 0.1 ppm (n =
47). Molecular formulae (MF) were initially assigned to detected peaks
using Lambda-Miner [43], based on their exact mass and isotopic dis-
tribution. The software was configured with the following elemental
constraints for potential formulae: carbon (*2c: 1-80,3%c: 0-1),
hydrogen ('H: 1-198), nitrogen (N: 0-5, 15N 0-1), oxygen (*%0:
0-40), and sulfur (3?S: 0-3, 34S: 0-1). This configuration supported
formula validation through an applied isotope filter considering
12¢/13¢, 14N/1°N, and 3%5/34s isotopic patterns.

Subsequently, these assigned MFs were further processed and refined
in R using more restrictive filtering criteria: elemental counts for ni-
trogen (N: 0-2) and sulfur (S: 0-1); double bond equivalents (DBE)
ranging from 0 to 25; nominal formula mass between 150 and 1000 Da;
and DBE normalized by oxygen content (DBE/O) within the range of
—10 to 10. Following this filtration, signal intensities were normalized
to the sum of all identified mass peak magnitudes of the respective
spectrum. These relative peak intensities (RI) are presented in per mill
(%o), and an intensity cutoff of 0.05 %o was applied. To compare the
common MFs with the exposed nanoparticles and the pristine nano-
particle, the relative (percentage) intensity difference (8RI) [44] was
calculated for each of the common MFs using the following equation:

Support Disc

Tempfix
Magnet

1 2 3

Sample : Ti0, (50 ppm)

Exposure to the
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_RI (prisitne) — RI(exposed)

i
RI Ri(prisitne)

100%

where:
RI(pristine): RI for an MF of the pristine (unexposed) nanoparticle.
RI(exposed): RI for an MF of a nanoparticle after exposure.
Additional information is provided in the Supporting Information
(SI/ Part 1-2).

2.3. AFM
2.3.1. Immobilized n-TiO,

2.3.1.1. Sample preparation and exposure to surface waters. The AFM
sample preparations were conducted under a laminar flow hood to
minimize air contamination. Fig. 2 depicts the steps to immobilize n-
TiOs inside the dialysis bags as follows:

1. A 0.5 cm magnet (FPMYB magnet, China) was placed on a support
steel disc.

2. Tempfix® (temperature-sensitive glue) was applied to the magnet.
The glue was melted at 120 °C and maintained at this temperature
for 5 min to create a homogeneous bubble-free surface, then allowed
to cool to room temperature [45].

3. 10 pL of n-TiO, suspension (three concentrations: 10, 50, and 100
mg/L) was applied to the glue and allowed to dry at room temper-
ature. At a concentration of 10 mg/L, no detectable particles were
observed in the suspension, likely due to insufficient particle density.
At 100 mg/L, significant aggregation was evident in the AFM height
images, making it impossible to identify single particles (Fig. S2).
Single particles were attempted to be isolated to ensure proper
adhesion to the glue, as measurements were complicated by aggre-
gation. In contact mode AFM, particles that are loosely immobilized
or aggregated may be dislodged during scanning, potentially
affecting measurement accuracy. The optimal concentration was 50
mg/L, at which sufficient single particles were visible in the AFM
height images.

4. The sample was placed in an oven at 40 °C for 3 h. At this temper-
ature, the glue became sticky but remained solid. After cooling to
room temperature, the samples were sonicated for 10 s in a 50 mL
beaker containing ultrapure water (18.2 MQ) placed in an ultrasonic

- / _im

Oven (40 °C) ‘
—
4 5

Second Magnet
(to fix the first magnet,
loaded with TiO,, in the
dialysis bag)

surface water

Fig. 2. The schematic steps for immobilizing n-TiO, inside the dialysis bags and exposing them to the surface waters (October 2023) before AFM measurements.
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bath (12 L, VWR) to remove particles loosely adhered to the adhe-
sive. The samples were rinsed with ultrapure water after sonication.
5. The sample was placed in the cap of the dialysis bag.
6. A second magnet was placed on the outside of the cap to secure the
first magnet (loaded with the sample) inside the dialysis bag.

The dialysis bags, with the loaded samples positioned on the cap,
were filled with 10 mL of ultrapure water (18.2 MQ) and placed inside
perforated tubes. Two replicates/dialysis bags were prepared for each
surface water. The tubes were secured to an anchor and immersed in the
surface waters in October 2023. After 48 h, the dialysis bags were
retrieved. The water loaded onto the magnet was carefully removed
from the cap, down to the last drop, and then dried in a desiccator using
silica gel under atmospheric pressure.

2.3.1.2. AFM adhesion force mapping. AFM images were obtained using
Peak Force Quantitative Nanomechanical Mapping (PFQNM) mode. The
force mapping mode was chosen to enable us to investigate the het-
erogeneity of the eco-corona at the nanoscale. The small size of the
analyzed nanoparticles required a nanometric resolution and, there-
after, a very small tip, hence, excluding approaches using colloidal probe
setups or functionalized tips. Furthermore, the mapping mode was
needed to obtain many data points for each particle, which was required
to characterize the patchiness of the coating.

In this mode, the tip scans across the surface, using a force setpoint of
5 nN (used for all samples), which is maintained by a feedback loop. The
surface height at each point is recorded, allowing reconstruction of the
topography after the scan is complete. AFM Analyses (Dimension Icon,
Bruker Corporation, USA) were conducted with a new sharp silicon tip
on a nitride lever (SNL-10). Some critical prerequisites must be
addressed when preparing samples and conditions for AFM
measurements:

1. Radius of the tip: The AFM tip radius fundamentally determines the
lateral resolution of AFM measurements. The larger the radius of the
tip and the larger the opening angle of the AFM tip, the greater the
enlargement of the lateral dimensions of objects [46]. Hence, to
accurately resolve and measure nanoparticles, we used sharp silicon
tips (SNL-10, Bruker, USA). The tip radius of the Bruker SNL-10 AFM
probe is nominally 2 nm, with a maximum tip radius of up to 12 nm
[47]. Hence, it is smaller than the average size of nanoparticles (~25
nm). Under these conditions, the use of functionally modified tips
bearing hydrophilic or hydrophobic groups is limited, as such
chemical modifications typically increase the effective tip radius
beyond the n-TiO, dimension, thereby reducing lateral resolution
[48].

2. AFM measurements under a nitrogen chamber (nitrogen purity:
99.9992 %): AFM adhesion force measurements of nanoparticles can
also be influenced by ambient humidity, known as capillary forces,
which arise from the formation of a water meniscus between the tip
and the sample due to the thin layer of water that forms on the
sample surface under ambient conditions [49]. We minimized these
forces by conducting measurements under nitrogen (30 standard
c¢m®/min) [18]. Hence, the samples were kept under nitrogen for 30
min prior to measurements, maintaining a low relative humidity
(RH) of 5.7 %, monitored using a Dostmann Electronic GmbH hy-
grometer (Wertheim, Germany). At this low RH, capillary forces are
significantly reduced; however, residual capillary forces may still be
present [50]. Since all measurements were conducted under the
same controlled humidity conditions, the adhesion force results
remain comparable, and the observed differences can be attributed
to the specific properties of each sample.

3. Calibration: Probe calibration was carried out following a method-
ology similar to that previously reported [45]. Briefly, the deflection
sensitivity (S,) was calibrated on a sapphire disk (Sapphire-12 M,
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Bruker, Santa Barbara, CA, USA), and the spring constant (k) was
determined by the thermal tune method. As an inherent mechanical
property of the AFM cantilever, the spring constant remains stable
once calibrated, unless the tip sustains damage [51]. To enable
comparison of results from exposing n-TiO; to different surface wa-
ters, the same tip was used for all nanoparticle samples, with spring
constant calibration performed only once per tip (a different tip was
used for crystal-TiO, samples). However, because the tip radius can
change during imaging, it was determined separately for each n-TiO5
sample by scanning a titanium roughness standard (RS-12 M, Bruker)
and applying a blind tip reconstruction algorithm to account for al-
terations in tip geometry.

To quantify the uncertainty associated with the tip radius, two SNL-
10 probes were randomly selected. Repeated scans at the same location
on the RS-12 M standard using the first tip were performed to assess
systematic measurement variability, while scans acquired at different
locations of the RS-12 M standard provided an estimate of operator-
dependent variation. Measurements obtained with the second tip were
then included in the combined analysis, which yielded a relative stan-
dard deviation of 6.7 %. This value reflects the tip uncertainty under the
specific measurement conditions used in this study. A general estimate
of SNL-10 tip-radius uncertainty would require characterization of a
larger number of probes.

AFM scans of single particles were acquired under the optimized
conditions with a lateral field of view (FOV) smaller than 1 ym (Fig. 3).
At this resolution, the scans featured distinct particles with a size of
20-50 nm, in agreement with TEM images of n-TiOy [11], while the
adhesion forces of the nanoparticles are clearly different from the glue
substrates.

The resulting force volume dataset, analyzed with AFM Nanoscope
Analysis 2.0 software, combines simultaneously acquired topographic
and force information, enabling correlations between mechanical
properties and surface features to be explored [52]. For each surface
water, 3—4 random locations were selected for image acquisition, with
20—30 nanoparticles imaged in each location. In cases where aggre-
gation was observed, these particles were excluded from further anal-
ysis, as aggregation may shift during AFM contact mode measurements
and thereby affect the results.

To capture the heterogeneity in adhesion forces across individual
nanoparticles, a series of measurements was conducted along an axis
traversing each particle. The spacing between adjacent points was
chosen to evenly partition the particle diameter, ensuring uniform
coverage of the nanoparticle surface. For example, Fig. 3 shows the
adhesion forces measured across a single n-TiOy with a diameter of 42.8
nm. A total of 214-303 data points was collected per surface water. To
compare the samples, each adhesion force was normalized by the spe-
cific radius of the used tip [53].

To minimize edge effect, adhesion forces were evaluated exclusively
within the central region of each nanoparticle. Accordingly, for adhe-
sion profiles obtained from line scans crossing individual particles, the
outermost 10 nm segments at both the beginning and end of each scan
were removed using R software. For example, in Fig. 3, the initial and
final 10 nm segments of the measurement line were omitted from the
dataset. This approach resulted in the exclusion of nanoparticles smaller
than 20 nm, leaving between 70 and 146 data points for further analysis.
For future studies, increasing the number of replicates is recommended
to enhance statistical power and to compensate for the unavoidable
exclusion of data from edge regions.

The results were visualized as violin distribution plots using the R
packages “ggplot2”, “dplyr”, “car”, “FSA”, and “multcompView”. Since
not all data groups satisfied the assumptions of ANOVA (normality and
homogeneity of variance), a nonparametric workflow was applied to test
for differences between groups [54]. This workflow consisted of a
Kruskal-Wallis test to detect overall group effects, followed by Dunn’s
post hoc test with Benjamini-Hochberg adjustment for pairwise



N. Tayyebi Sabet Khomami et al.

Applied Surface Science 726 (2026) 165927

60.2 nm

-48.0 nm

|
971.2nm

f
0.0 1: Height Sensor
(A)

r
0.0 5: Adhesion

(B)

Fig. 3. (A) AFM height and (B) adhesion force images of n-TiO, exposed to SW3. (C) Adhesion forces were measured here at intervals of 10.7 nm along an axis
traversing a single particle with a diameter of 42.8 nm. The red lines indicate the data segments removed to minimize edge effects during adhesion measurements.

comparisons, and summarizing the pairwise results as a compact letter
display (CLD).

2.3.2. Crystal-TiOy substrates

2.3.2.1. Sample preparation and exposure to surface waters. 50 ml of the
water samples collected in part A (October 2023) were centrifuged at
4500 rpm (3283g) for 60 min, and 10 ml of each supernatant was
collected for exposure experiments. In the next step, three flat TiO5
crystal substrates were placed in separate glass petri dishes, followed by
the addition of 10 ml of each supernatant. The samples were then placed
on a horizontal shaker. After 48 h, the substrates were collected. The
residual water on the substrates was carefully removed down to the last
drop, and the substrates were dried in a desiccator (filled with silica gel)
under atmospheric pressure

2.3.2.2. AFM adhesion force measurement of the crystal-TiO, samples.
The crystal-TiO4 substrates were attached to a support disc using double-
sided tape (Fig. S3). AFM adhesion force measurements for the TiO5
substrates, SNL-10 tip was calibrated in the same manner as for the
nanoparticles, and the measurements were performed under nitrogen.

In the crystal-TiO5 experiments, a random region was selected on
each crystal surface. Within this region, a set of randomly distributed
points (n = 391-1230) was sampled and used to construct the adhesion-
force distributions. When natural colloids were observed on the surface
in the adhesion map (flat TiO5 crystal exposed to SW2), those areas were
avoided and not selected for further measurements. To determine
whether these colloids were organic or inorganic, the samples were
heated to 500 °C and maintained at that temperature for 1 h. AFM height
images taken after calcination still showed the presence of the colloids,
indicating their inorganic nature.

2.3.2.3. Moran’s I scatterplot of the crystal-TiO;, samples. Moran's I
scattering was performed to assess the degree and nature of spatial
autocorrelation within the data, enabling the identification of spatial
clustering, dispersion, and local outliers [55]. Specifically, it helps
identify whether the data exhibits clustering, where similar values are
spatially grouped, or dispersion, where dissimilar values are neighbors.
To visualize the nature and direction of spatial autocorrelation, a Moran
scatterplot was generated, in which adhesion values were plotted
against their spatially lagged counterparts. The slope of the regression
line in this plot corresponds to Moran’s I and provides an intuitive
representation of the spatial clustering of high or low adhesion values
across the sample surface.

Moran's I scattering was performed on the whole scanned area of the
crystal-TiOy samples and quantified in R using global Moran’s I with
.spdep” and “gstat” packages. Adhesion values were arranged on a
regular x-y grid, and spatial relationships between pixels were defined
using a first-order queen contiguity neighborhood [56]. The resulting
spatial weights matrix was row-standardized to make the axes more
directly comparable [57]. Global Moran’s I was calculated, and its sig-
nificance was evaluated using a Monte-Carlo permutation test to assess
the likelihood of obtaining the observed spatial structure under spatial
randomness.

2.3.2.4. Water concoct angle. A sessile drop method was used to mea-
sure the water contact angle (OCA15Pro, Data Physics, Filderstadt,
Germany). A 3 pL drop of ultrapure water was placed manually on the
flat TiOg crystal substrates (before and after exposure to the surface
waters), and an image of the drop was taken after 3 s. The contact angle
was then automatically determined by the device. Four drops were
measured per sample. The results were plotted using R.

The sessile drop method was selected for this study to ensure
methodological consistency with dry-state AFM measurements. Im-
mersion- or submersion-based techniques (Wilhelmy plate, captive
bubble) offer advantages such as reduced baseline sensitivity and min-
imal droplet evaporation but require complete sample wetting, risking
dissolution or alteration of soluble eco-corona constituents. Sessile drop
measurements are nevertheless subject to droplet evaporation and
baseline correction uncertainties. Resulting contact angles should
therefore be interpreted cautiously as qualitative indicators of wetta-
bility trends rather than precise quantitative surface energy values.

3. Results and discussion
3.1. Characteristics of the surface waters

SW1 is an artificial lake surrounded by green areas, with a low DOC
concentration of 4.81 mg/L, alkalinity of 124.5 mg/L, and EC of 586.5
uS/cm (Table S3). SW2 is a small stream in a forested, highly calcareous
region, exhibiting a similar DOC concentration to SW1 (5.27 mg/L) but
with higher alkalinity (322 mg/L as carbonate) and electrical conduc-
tivity (1808 pS/cm). In contrast, SW3 drains a peatland and has the
highest DOC concentration (40.58 mg/L), the lowest conductivity (41.5
pS/cm), and the lowest alkalinity (2.5 mg/L as carbonate).

Physicochemical properties of the waters are summarized in Table 2
(with detailed data in Tables S3-1 and S3-2). Among the samples, SW3
showed the lowest conductivity and highest DOC (40.58 mg/L).
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The physicochemical parameters of the waters. EC (electrical conductivity), DOC (dissolved organic carbon), TN (total nitrogen), BIX (biological index), HIX (degree of
humification), SR (slope of the absorption spectrum), and SUVA254 (specific ultraviolet absorbance at 254 nm). Comprehensive lists and definitions of water pa-

rameters are provided in Tables S2-1 and S2-2.

Name EC Alkalinity (mg/L) DOC (mg/L) TN BIX HIX Sr SUVA 54
(uS/cm) (mg/L)

SwWi1 586.5 124.5 4.81 0.42 0.96 0.72 1.23 3.26

sSw2 1808.0 322.0 5.27 0.15 0.55 0.90 0.80 5.87

SW3 41.5 2.5 40.58 0.78 0.32 0.97 0.68 9.40

Additionally, SW3 showed the highest total nitrogen (TN), which rep-
resents the sum of all nitrogen forms in the water, including organic
nitrogen and inorganic species such as nitrate, nitrite, and ammonium,
and is a key indicator of nutrient levels that influence water quality and
ecosystem productivity. SW3 also exhibits the highest SUVAys4 (specific
ultraviolet absorbance at 254 nm), and HIX (humification index),
alongside lowest Sg (slope ratio) and BIX (biological index) [41,58]. Our
previous FT-ICR MS study attributed SW3 the highest O/C and lowest H/
C ratios [59], indicating oxygen-rich, high molecular weight aromatic
humic substances consistent with its peatland origin.

SW1 and SW2 had similar DOC (~5 mg/L), but SW1 exhibited higher
TN, Sg and BIX, and lower SUVAys4 and HIX compared to SW2, indi-
cating less aromatic and a dominant contribution from recent microbial
or algal activity in SW1 [60]. SW2's indices lay between SW1 and SW3
and is distinguished by high alkalinity due to its calcareous catchment.

3.2. n-TiOg: Characterization of n-TiO, exposed to the surface waters

3.2.1. HR-TEM
HR-TEM analysis of the nanoparticles before and after exposure to

100 nm

n-TiO,/SW2:

n-TiO/SW3 1
, , /-\ i \

surface waters showed no detectable changes in nanoparticle
morphology (Fig. 4). The mean nanoparticle size remained nearly con-
stant across all samples at 25.0 + 0.5 nm (Fig. S4).

3.2.2. {-potential

The pH of the surrounding environment significantly affects the
formation and characteristics of coatings on nanoparticles, including the
surface charge. Pristine n-TiO, particles exhibit positive {-potential at
acidic pH, due to the protonation of surface hydroxyl groups, indicating
a positively charged nanoparticle surface [11]. The isoelectric point
(IEP) of these particles is approximately pH 6.5, where the nanoparticles
have zero net surface charge, reflected by a ¢-potential close to zero. As

Table 3
The {-potential of n-TiO, after exposure to the surface waters [33].
n-TiO/SW1 n-TiO2/SW2 n-TiO2/SW3
{-potential (mV) —17.79 + 1.89 0.00 + 4.60 —46.03 + 2.83
(pH = 7.86) (pH = 7.78) (pH = 3.70)

-

100 nm

e

. ¢

<

Fig. 4. HR-TEM images of the n-TiO, before and after exposure to the surface waters. Size histograms are shown in Fig. 54.



N. Tayyebi Sabet Khomami et al.

the pH increases beyond this point, the -potential becomes increasingly
negative. Table 3 shows the (-potential of n-TiO after exposure to
different surface waters.

n-TiO2/SW1 (pH 7.86) shows a zeta potential of —17.79 mV, which
aligns with the expected modest negative charge similar to pristine n-
TiO5 under slightly basic conditions. n-TiO2/SW2 (pH 7.78) exhibits a
zeta potential near zero, suggesting that the particles are near their
isoelectric point, possibly due to adsorption of DOM or ions from SW2,
which can mask or neutralize surface charge. In solutions with high ionic
strength like SW2, cations can shield surface charges, diminishing
electrostatic repulsion and potentially promoting aggregation despite
NOM adsorption [61]. As a result, attractive forces such as van der Waals
interactions dominate, leading to a higher likelihood of particle aggre-
gation, which can reduce the available surface area for sorption.

n-TiO,/SW3 at pH 3.7 exhibits a strongly negative zeta potential
(—46.03 mV), demonstrating that the surface coating formed in SW3
reverses the charge from positive (in pristine n-TiO3) to negative. This
charge inversion is attributed to the adsorption of negatively charged
DOM and anions, which form an eco—corona that shifts and stabilizes the
particle surface charge in the negative range. The eco-corona dominates
the intrinsic surface charging behavior of TiO,, leading to the pro-
nounced negative zeta potential, particularly in natural waters rich in
DOM such as SW3. A similar charge reversal upon adsorption of natural
organic matter on n-TiO3 has been reported by Jayalath et. al [62]. At
—46.03 mV, there is an electrostatic repulsion between particles, which
prevents aggregation and promotes colloidal stability.

It should be noted that the {-potential is a measure that explains the
surface charge and stability of particles when they are dispersed in a
liquid. It provides a useful criterion to compare the eco-corona forma-
tion on particles in surface waters. However, it is important to empha-
size that {-potential values cannot be extrapolated to dried samples, as
the measurement and its interpretation are only valid for particles sus-
pended in a liquid medium.

3.2.3. ATR-FTIR

The ATR-FTIR spectra of n-TiO; before and after exposure to surface
waters are shown in Fig. 5. The band at 1635-1655 cm ™! corresponds to
Ti-OH bonds [40], which are present in all samples. The appearance of
new peaks on n-TiO, after exposure to different surface waters results
from interactions between the organic and inorganic fractions of the
waters and the nanoparticles. These newly observed bands include a
broad band at 1380-1400 cm ! (attributed to the symmetric vibration
of COO™ in carboxylate groups), a sharp band around 1430 cm ™ (cor-
responding to C=0 molecular vibrations in carbonates), and a band near

Applied Surface Science 726 (2026) 165927

1510 em™! (assigned to aromatic C=C stretching) [11]. Notably, n-
TiO2/SW3 depicts a unique band around 1710 cm ™}, which is indicative
of C=0 stretching in carboxylic acids [63]. The band at ~ 1100 cm !
falls within the spectral region characteristic of Si-O stretching vibra-
tions in silica- or silicate-containing materials [64]. Sulfate groups also
exhibit S-O stretching modes in this range, contributing to the observed
feature in sulfate-bearing systems [65]. Additionally, C-O-C stretching
vibrations from polysaccharides and ether-linked organic structures in
DOM commonly appear near 1100 cm™?, leading to overlap with these
inorganic contributions [66]. The symmetric C-O-C stretching band at
850 cm ™! cannot be investigated here due to the presence of overlapping
Ti-O bands.

In soil science, hydrophobicity or water repellence of soil organic
matter is commonly assessed by analyzing the ratio of C-H (~2983 and
2921 em™ 1) to C=0 (~1720 ¢cm ') bonds using IR spectroscopy [67].
This ratio reflects the relative abundance of hydrophobic and hydro-
philic functional groups in the soil organic matter. Following this
approach, we compared the hydrophilicity of our samples by visually
assessing hydrophilic groups (C=0 at approximately 1710 cm™!) rela-
tive to hydrophobic groups (C-H at approximately 2980 and 2920
em™ D), assuming that the detected signals predominantly represent the
surface composition. For n-TiO2/SW3, a significant increase in hydro-
philicity was observed compared to pristine nanoparticles, as indicated
by a decrease in the intensity of C-H groups relative to C=0 groups
(Fig. S5). Other modified samples also exhibited a relative reduction in
the intensity of hydrophobic C-H groups compared to pristine nano-
particles. It is important to emphasize that, because the samples were
freeze-dried, intensity-based comparisons should be interpreted with
caution due to potential alterations introduced by the freeze-drying
process (SI/ Partl-1).

Although IR spectra could indicate the presence of functional groups,
their identification is often challenging due to overlapping peaks from
other groups, and it is further complicated by the fact that IR is a bulk
analytical method with limited surface specificity. Hence, as a comple-
mentary method, the samples were further investigated by XPS as a
surface-sensitive technique.

3.2.4. XPS

The n-TiO5 composition of the samples was initially confirmed
(Table S4) by the ratio of O/Ti~2 in all the samples and the charac-
teristic binding energies observed (Ti 2p with Ti 2p3/2 at 458.8 eV and O
1 s peak at 530.0 eV). The obtained C 1 s spectrum for pristine n-TiO; is
fitted into three peaks with different binding energy: the peak at 285.0
eV indicates hydrocarbons (C-H and C-C), the characteristic peak at

w
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Fig. 5. Representative ATR-FTIR spectra of the n-TiO, exposed to SW1, SW2, and SW3. The complete spectra (700-4000 cm ') are shown in Fig. S5.
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286.6 eV relates to alcohol, phenol or ether carbons (C-0), and the peak
at 288.8 eV denotes carboxyl carbons (O=C-0) [11]. The presence of
these carbon groups on pristine n-TiO, is primarily attributed to surface
contamination from air [68] or production and storage conditions;
hence, the XPS results of exposed samples should be evaluated relative
to those of the pristine particles. Table 4 lists the fractional contribution
of carbon groups determined by XPS for n-TiO; before and after expo-
sure to the surface waters. For meaningful comparison between samples,
the atomic percentages of each carbon species (e.g., C-H and C-C) were
normalized to the total carbon percentage. This calculation is based on
Table S4, providing the carbon concentrations for each chemical envi-
ronment as well as the concentration in atomic% of all elements present
at the surface. XPS survey spectra [69] of the of n-TiO5 samples is shown
in Fig. S6.

The pristine n-TiO, exhibited a high fractional contribution of
aliphatic carbons (C-H and C-C groups), along with low levels of
0O=C-O groups, which is consistent with the IR results explaining its
higher hydrophobicity compared to the other samples. After exposure of
the nanoparticles to surface waters, the ratio of aliphatic carbons to total
carbon decreased in all samples, likely due either to the desorption of
these molecules upon exposure to surface waters [70], or to the coverage
of C-H and C-C groups by newly sorbed carbon-oxygen functional
groups.

Notably, n-TiO2/SW2 is the only sample in which a carbonate
coating was detected, indicated by a C 1 s component at 289.5 eV
(Table S4). SW2 has a very high alkalinity (322 mg/L), which exceeds
the saturation index of CaCOs3 [71]. In addition, the 1:1 stoichiometric
ratio observed between carbonate (2.1 atomic%) and Ca®* (2.0 atomic
%) in n-TiO2/SW2 suggests the formation of calcium carbonate (calcite)
on the nanoparticles [71]. The presence of carbonate in this sample was
further confirmed by ATR-FTIR, which shows a sharp band at 1430 cm™?
(Fig. 5).

3.2.5. LDI-FT-ICR MS

Further investigation of the samples was carried out using LDI-FT-
ICR MS. A comparative analysis of the assigned MFs between the
exposed samples and the unexposed pristine n-TiO, reveals a notable
lack of overlap, suggesting that DOM molecules replaced a large part of
the initial coating. Utilizing the calculated 8RI, the Van Krevelen (vK)
diagrams (Fig. 6) effectively illustrate the common MFs through a color
gradient that signifies variations in intensity, thereby reflecting alter-
ations in relative abundance.

Among the samples, n-TiO2/SW3 displays a distinctive eco-corona
pattern characterized by lower hydrogen/carbon (H/C) and higher ox-
ygen/carbon (O/C) ratios compared to n-TiO2/SW1 and n-TiO2/SW2. As
noted in our earlier research [59], the land use of the area surrounding
the surface water influences the type of DOM found in that water. The
SW3 contains terrestrial DOM characterized by complex, high molecular
weight aromatic compounds (Table S3-2), which are reflected in the eco-
corona of the exposed nanoparticles.

Regarding the other two sites, they exhibit comparable low O/C
ratios and high H/C ratios of assigned MFs, indicative of similar land use
patterns, as both are situated in landscapes where humans have

Table 4

XPS results of fractional contributions of each carbon type to total carbon in n-
TiO,/SWs samples. SWs: surface waters. A complete list of atomic percentages of
all elements is provided in Table S4.

Photoelectron Binding n- n- n- n- Assigned
line Energy TiO, TiOs/ TiOs/ TiOy/ species
(eV) SW1 SW2 SW3

Cls 285.0 090 0.86 0.70 0.76 C-H and
Cc-C

Cls 286.5 0.07  0.06 0.14 0.11 C-0

Cls 288.7 0.03  0.08 0.07 0.12 0=C-0

Cls 289.5 0.00  0.00 0.09 0.00 co3~
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significantly altered the natural vegetation and land cover (Table S2).
This environmental context results in the presence of more aliphatic
DOM relative to the terrestrial DOM characteristic of SW3. However, n-
TiO2/SW2 demonstrates a higher relative intensity in comparison to n-
TiO2/SW1 across most of the assigned MFs, as illustrated in Fig. 6, where
in these vK diagrams the RI is indicated by the dot size and the formula
class by color, which correlates with its increased electrical conductivity
resulting from high calcium and magnesium ion concentration in this
site. This elevated calcium and magnesium ion concentrations facilitate
the formation of an aliphatic eco-corona via cation-bridging mecha-
nisms reflecting the nature of present DOM on the nanoparticle surface.
Furthermore, n-TiO5/SW2 exhibits a greater abundance of heteroatomic
molecules, specifically MFs containing sulfur (S) and nitrogen (N),
where this heteroatomic formula classes constitute 46.56 % of the total
assigned MFs, compared to 38.36 % in n-TiO2/SW1. These observations
align with prior findings, indicating that DOM associated with higher
concentrations of divalent ions can exhibit an increased prevalence of
heteroatomic molecular species [59].

3.3. AFM adhesion forces

3.3.1. Flat crystal-TiO substrates: A reference sample for AFM adhesion
force measurements

Surface roughness is a critical factor influencing adhesion forces
measured by AFM [72]. As roughness increases, the contact area be-
tween surfaces becomes more inconsistent, leading to greater fluctua-
tions in measured adhesion forces. This is because rough surfaces have
asperities of varying heights and shapes, which respond differently
under applied forces, resulting in a broader distribution of adhesion
values across different contact points [73]. To systematically investigate
the effect of roughness on adhesion, AFM adhesion force measurements
were conducted on atomically flat crystal-TiO substrates. These crystal
substrates were exposed to the same aqueous environments as the n-
TiO4 to ensure comparable surface interactions.

As P25 n-TiO4 predominantly exhibits the anatase polymorph (~ 80
% anatase, 20 % rutile), an ideal reference substrate would be a low-
roughness anatase single crystal. However, due to the thermodynamic
metastability of anatase and the challenges in synthesizing large, low-
roughness anatase single crystals, which tend to form nanoscale or
porous structures rather than large crystals [74], such substrates are
limited in availability. In contrast, the rutile phase is thermodynamically
more stable and commercially accessible. Therefore, a rutile single
crystal was selected as the reference substrate. Despite the crystallo-
graphic differences between anatase and rutile (SI/ Part1-3), both share
fundamental TiO5 chemical characteristics, making rutile a practical and
scientifically justified reference for adhesion studies focused on general
TiO, surface phenomena. It is important to note that, here, we do not
compare the adhesion force values of n-TiO; and crystal-TiO5 in terms of
their absolute magnitudes. Instead, the analysis focuses on the trends in
adhesion forces within each set of measurements.

Fig. 8-left depicts the distribution of adhesion forces measured for
crystal-TiOq after exposure to surface waters (corresponding 3-D AFM
height and adhesion force images are provided in Figs. S8 and S9). For
each sample, random data points within the screened region were
analyzed (n 391-1230). The results show an overall increase in
adhesion forces after exposure to all three surface waters, with the
crystal-TiO2/SW3 and crystal-TiO2/SW1 samples exhibiting the largest
increases, and crystal-TiO2/SW2 showing the smallest. Compact letter
display (CLD) analysis confirms that these samples differ significantly.
Crystal-TiO, and crystal-TiO2/SW2 display a bimodal distribution,
indicating the presence of two distinct types of adhesion forces on their
surfaces. Moreover, crystal-TiO2/SW3 shows the highest standard de-
viation, reflecting the widest range of adhesion forces.

To enable an objective comparison of the samples, the experimental
results and relative standard deviations (RSD) of the measured adhesion
forces were quantified (Table S5). The mean adhesion force of pristine
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Fig. 6. vK diagrams for n-TiO»/SWs, demonstrating a color gradient corresponding to the relative intensity difference (5RI) between exposed nanoparticles and
pristine nanoparticles. Unique MFs specific to the exposed nanoparticles are indicated as yellow points. Additional information is provided in SI/ Part 1-2-F.

flat crystal-TiOy, normalized by tip radius, was 0.42 + 0.02 nN/nm.
After exposure to surface waters, all samples exhibited higher adhesion
forces relative to the pristine material. The highest adhesion forces were
observed for flat crystal-TiO2/SW3 (1.01 + 0.1), and TiO/SW1 (1.00 +
0.06), whereas TiO2/SW2 showed distinctly lower values (0.46 + 0.04).
This pattern suggests that the nature and distribution of functional
groups sorbed from SW1 and SW3 promote stronger or more numerous
interactions, such as hydrogen bonding, with the AFM tip compared to
those formed in SW2. Overall, although exposure to surface waters in-
creases adhesion, the contrasts among SW1, SW3, and SW2 underscore
the critical role of surface chemistry and functional group distributions
in governing these interactions.

To examine the effect of the number of data points on the adhesion-
force distribution, the dataset was expanded to include all data collected
over the entire scanned area (n = 4096-16384), as shown in Fig. 8-right.
Interestingly, although the mean adhesion forces did not change
significantly with the increased number of data points (Table S5), the
adhesion-force distribution varied for some samples. For example, the
bimodal pattern observed for crystal-TiO5 (likely due to distinct oxygen
and titanium sites [75]) or crystal-TiO2/SW1 (Fig. 8-left) was no longer
evident when data from the entire scanned area were considered
(Figs. S8-right). This finding implies patchiness in the samples [76],
although adhesion values can vary locally at random positions within
the scanned area (bimodal distribution), the overall distribution across
the entire scan appears uniform. Crystal-TiO2/SW3 exhibited a
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consistently broad unimodal adhesion distribution (RSD ~ 11 %) at both
low and full data counts, reflecting diffuse patchiness with continuous
force gradients. This important point is discussed in more detail in the
following section.

3.3.1.1. Patchiness of the crystal-TiO, exposed to the surface waters.
Before proceeding, it is important to clearly distinguish between “het-
erogeneity” and “patchiness” in the context of adhesion force maps in
this study. Heterogeneity refers to variability in adhesion forces across
the surface [77]; a surface is considered heterogeneous if adhesion
values are not uniform, regardless of how those variations are spatially
arranged. Patchiness, on the other hand, implies aggregated or clustered
distributions, adjacent points or regions exhibit similar adhesion values,
and collectively form distinct high-high (high adhesion values sur-
rounded by high-adhesion neighbors) or low-low (low adhesion values
surrounded by low-adhesion neighbors) domains. Therefore, a surface
can be heterogeneous but not patchy, as in the case of random noise,
values fluctuate strongly yet lack spatial organization or contiguous
domains.

3.3.1.2. Moran’s I scatterplot. The Global Moran's I index (I) quantifies
overall spatial autocorrelation across the entire AFM scan, indicating
whether adhesion forces exhibit clustering (positive I; patchy), disper-
sion (negative I), or spatial randomness (I ~ 0) [78]. Details on inter-
preting the Moran scatterplot are provided in SI/ Part 1-4. The following



N. Tayyebi Sabet Khomami et al.

n-TiO2/SW1

2.0 °
'
.
°
15 :
H
L
3
e .
]
@10 .
g !
=
o
H
0.5
:
L ]
0.0
0.00 0.25 0.50 0.75 1.00 0.00
0O/C Ratio

Applied Surface Science 726 (2026) 165927

n-TiO2/SW2

RI(%0)
o 4
® s
®
@ s

Formula Class

* CHO

e CHNO
CHOS

* CHNOS

* CHNS

0.25 0.50 0.75

Fig. 7. vK diagrams for n-TiO2/SWs, illustrating the formula class of each MF represented by a color code. The relative intensity of the MFs is indicated by the size of

each dot. n-TiO2/SW3 is shown in Fig. S7.

Random points

Entire scanned area

- Lo a b c d e a b c
Y
=
B 1.0 i 1.0
o
Z 054 |
Z 05 : ? 0.5 % +
st
iel
%]
200 0.0
= n=712 n=1013 n=391 n=1230 n=16384 n=16384 n=4096 n=16384
/\'\oq' 9@ 6\& Q?éb /\'\& %$ ) %“@ @\&
A \ \ \' ¢ \ \ '\
o ov oY oY @ oY oY Keld
6% N A A c\% N D N
9 @ @ 9 9 *@
o & o o o K

Fig. 8. Violin plots showing the distribution of adhesion forces on crystal-TiO, substrates. Left: (random points) selected points within the screened region. Right:

entire screened region. n = number of study points.

results characterize nanoparticle-level properties within the scanned
area and directly relate to the distribution plots in Fig. 8-right.

Fig. 9 presents the Moran scatterplots for the crystal-TiOy samples.
All samples show positive Moran's I values, indicating positive spatial
autocorrelation [78]. Interestingly, pristine crystal-TiO also exhibits
positive Moran's I, likely due to terminal/bridging OH groups that create
local variations in adhesion [79], despite near-zero roughness.

Among the samples, crystal-TiO2/SW3 and crystal-TiO2/SW1
showed higher Moran's I values than pristine crystal-TiO,, indicating
that sorbed organic matter forms spatially coherent patches rather than
random distributions. Crystal-TiO2/SW3 exhibited the highest Moran's I
value (I = 0.57). Its Moran scatterplot shows most adhesion points
falling within the High-High (HH) and Low-Low (LL) quadrants, with
data points tightly clustered around the regression slope corresponding
to Moran's I value. This pattern indicates strong positive spatial
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autocorrelation, where similar adhesion-force values cluster spatially
and reflect pronounced patchiness. This aligns with the polydisperse,
heterogeneous nature of humic substances, which adsorb patchily onto
mineral surfaces [80].

The Moran scatterplot for crystal-TiO2/SW1, with a Moran's I value
of 0.51, showed positive spatial autocorrelation similar to crystal-TiOy/
SW3, though with slightly less dense clustering around the regression
slope. The greater dispersion suggests higher local variability but still
reflects significant global spatial organization of adhesion forces. In
contrast, the crystal-TiO5/SW2 scatterplot exhibited the lowest Moran's I
value (I = 0.18), even below that of pristine crystal-TiOs, indicating
weakened spatial autocorrelation. Although the positive I value con-
firms adhesion patchiness, the reduced magnitude reflects lost spatial
coherence among neighboring regions. This aligns with inorganic col-
loids observed on crystal-TiOy/SW2 surfaces, which disrupt surface
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continuity and create small, irregularly distributed adhesion sites. Such
disordered heterogeneity increases local variability and data dispersion
(e.g., cloudy LL outlier cluster), diminishing neighborhood similarity
and lowering global Moran's I [81], resulting in a less spatially organized
surface compared to pristine crystal-TiO,.

3.3.1.3. Water contact angle of crystal-TiO2. The flat TiO; crystals were
selected to correlate water contact angle measurements with AFM
adhesion values because these provide a smooth, chemically uniform,
and well-defined surface, minimizing the impact of surface roughness
and heterogeneity on the measurements [82]. This ensures that the
observed contact angle accurately reflects the intrinsic hydrophilicity
determined by surface chemistry, rather than confounding topograph-
ical effects [83].

An important point in evaluating contact angle measurements is the
intrinsic amphiphilicity of DOM [84], arising from hydrophilic moieties
(carboxylates, phenols) alongside hydrophobic components (aliphatic
chains, aromatics). Ions further modulate this behavior through charge
screening [85], compaction, and bridging [86], yielding eco-coronas
with irregular distributions of hydrophobic and hydrophilic groups
that preclude straightforward attribution of hydrophilicity to individual
functional groups. For example, although Ca2* is a strongly hydrated
divalent cation, its presence within an eco-corona does not necessarily
produce a uniformly more hydrophilic nanoparticle surface. Calcium
ions are not required to reside at the outer corona-water interface but
may instead be incorporated within the DOM matrix, for example, by
forming cation bridges between adjacent functional groups. Such in-
ternal coordination can drive reorganization of the corona architecture
and promote the exposure of hydrophobic moieties that were previously
shielded from the interface. Hence, the incorporation of Ca®" into the
eco-corona and the manifestation of more hydrophobic interfacial
characteristics are not mutually exclusive phenomena. Consequently,
macroscopic properties such as contact angles and nanoscale features
such as AFM adhesion distributions reflect the integrated effects of
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multiple molecular domains rather than isolated functional groups,
manifesting as spatial patchiness and variable interfacial behavior
across nanoparticle surfaces.

The pristine TiOy substrate showed 6 = 67° (Fig. 10), indicating
moderate hydrophilicity (6 < 90°). After surface water exposure, TiOz/
SW1 and TiOy/SW3 exhibited significantly reduced contact angles,
indicating enhanced hydrophilicity. TiO»/SW3 showed the lowest con-
tact angle, corresponding to the most hydrophilic surface. In contrast,
TiO2/SW2 showed no significant difference in contact angle compared
to either the pristine substrate or TiO2/SW1. The results of flat crystal-
TiO4 exposed to different surface waters, suggest that the composition of
surface waters (e.g., organic/inorganic content) differentially modifies
TiO4 surface energies, with SW1 and SW3 increasing hydrophilicity
more substantially than SW2.

Comparing water contact angle and AFM adhesion measurements
reveals that higher adhesion forces correlate with lower contact angles,
indicating increased surface hydrophilicity. The highest AFM adhesion
forces were observed for crystal-TiO2/SW3 (Fig. 8) relative to the other
crystal samples, coinciding with the most hydrophilic surface (Fig. 10).
This trend suggests that the enhanced adhesion is consistent with an
increased contribution of stronger short-range tip-surface interactions,
such as dipole-dipole interactions and hydrogen bonding, rather than
predominantly weak induced dipole-dipole interactions. Conversely,
the lowest adhesion forces were associated with the lowest degree of
surface hydrophilicity, indicating that interactions at these surfaces are
dominated by weaker, nonpolar dispersive forces.

Notably, the correlation between adhesion forces and contact angle
is indeed a simplification, as the two measurements probe different
length scales (nanoscale tip-surface contacts versus macroscopic droplet
footprints). In our system, however, the surface roughness of all flat
crystal-TiO5 samples is very low and comparable, so roughness-related
wetting effects are expected to be similar for all crystals and should
not systematically bias the relationship between contact angle and mean
adhesion. Consequently, the observed trends predominantly reflect
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differences in surface chemistry and eco-corona structure, while still
recognizing that contact angle represents a macroscopic average,
whereas AFM adhesion reports on locally heterogeneous nanoscale do-
mains [87].

3.3.2. Adhesion forces in n-TiOy

n-TiO; exposed to river waters were analyzed using the same AFM
approach as crystal-TiO5 samples (Fig. S10). Compared to crystal-TiOa,
n-TiOy samples exhibit higher variability in adhesion force measure-
ments (Table S5). This variability can be influenced by nanoparticle
curvature, which modulates adhesion through changes in the effective
contact area (known as the edge effect) [88]. This effect was evident in
our results, where higher adhesion forces occur in concave surface re-
gions and lower values in convex regions (Fig. 11) [89]. Additionally,
with nanoparticles immobilized on a glue layer, the AFM tip may contact
the glue at particle edges, contributing higher adhesion values.

To minimize edge effects in subsequent analyses, nanoparticle edge
data points were excluded when calculating adhesion forces. The
adhesion force distribution of the n-TiO5 samples after correction for the
edge effect is shown in Fig. 12. This approach yielded a slight to mod-
erate reduction in RSD variability (~ 1 — 20 %; Table S5).

Despite correction for edge effects, all nanoparticle samples still
exhibited higher RSDs than the flat crystal-TiO, reference (Table S5),

0.0

$582nm

indicating greater surface heterogeneity on the nanoparticles. Several
factors likely contribute to this behavior. First, the high variability is
primarily attributable to surface roughness, which produces non-
uniform tip-sample contact; roughness alters the real contact area and
the distribution of nanoscale asperities, leading to fluctuations in
measured adhesion forces [70]. Second, whereas the crystal-TiOq sur-
faces represent a single rutile crystal face, n-TiO, consists of both
anatase and rutile phases, each potentially supporting distinct sorption
layers, thereby further increasing surface heterogeneity [84]. In addi-
tion, uncertainty in the tip radius (RSD = 6.7 %) provides a residual
instrumental contribution to the observed variability but remains sub-
stantially lower than the RSDs measured for the nanoparticle samples.
This indicates that the dominant source of variability arises from
nanoscale heterogeneity of the nanoparticle surfaces.

The variation in adhesion force measurements has been previously
observed in studies of protein coronas and biofilms. For instance, AFM
investigations reveal that biological and molecular heterogeneity, such
as local variations in membrane composition, bond formation, and
protein corona characteristics, substantially increase adhesion forces
and mechanical hysteresis at the nano-bio interface, resulting in het-
erogeneous adhesion patterns on cell surfaces [90]. Similarly, research
on biofilms demonstrates spatial variations in adhesion strength driven
by surface morphology and spatial constraints, promotes preferential

90.1 rnm

400

600 800 nm

Fig. 11. (Left) 2-D adhesion force, and (right) 3-D height images of n-TiO, immobilized onto the glue. Lower adhesion forces are detectable in the center of the

nanoparticles (edge effect).
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bacterial attachment and enhances spatial heterogeneity [91]. These
findings firmly establish that variation in adhesion forces is a charac-
teristic feature of complex biological interfaces.

The cosine similarity between the median responses of crystal-TiOy
and n-TiO; across the four water types was 0.97, indicating an almost
identical overall pattern of adhesion changes with water type for both
materials [92]. This high similarity shows that, at the level of central
tendency, the nanoparticle responses closely track those of the flat
crystal reference. In contrast, the compact letter display (CLD) patterns
differed markedly between crystals and nanoparticles. For the crystal-
TiO, samples, each water condition received a different letter, meaning
that all four crystal conditions were statistically distinct from one
another (Fig. 8). For the nanoparticles (Fig. 12), however, pristine n-
TiO5 and n-TiO2/SW2 shared one letter group (a), and n-TiO2/SW1 and
n-TiO2/SW3 shared another (b), meaning these pairs were not signifi-
cantly different from each other, even though the two letter groups (a
and b) themselves were significantly different. This suggests that,
despite similar median trends between crystal and nanoparticle systems,
the higher variability and heterogeneity in the nanoparticle measure-
ments reduce the ability to resolve individual conditions statistically.

The n-TiO5 exhibited an average diameter of approximately 25 nm,
which imposed significant constraints on single-particle spatial analysis.
Because about 20 nm from the particle edges had to be excluded to
minimize edge effects, the remaining central region of an individual
nanoparticle was insufficient for spatially resolved adhesion mapping
suitable for Moran’s I scattering analysis. Achieving the required sub-
nanometer lateral resolution would necessitate ultra-sharp AFM tips,
which were not available in this study. Consequently, Moran’s I analysis
could not be performed at the single-particle level. However, owing to
the high cosine similarity between the surface chemical composition of
the nanoparticles and the flat crystal-TiO, reference surfaces, the Mor-
an’s I result obtained from the crystal surfaces was used as a proxy to
evaluate nanoparticle patchiness and to infer how each surface water
influenced sorption-related heterogeneity in the next part.

3.4. Discussion of Eco-Corona formation on nanoparticles

3.4.1. n-TiOy/SW3

The surface water sample SW3, draining a peatland, is characterized
by high dissolved organic carbon (DOC: 40.58 mg L) and low pH,
indicating an acidic environment. The low ionic strength generally fa-
vors an expanded conformation of DOM due to weak charge screening;
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however, acidic conditions promote the protonation of acidic functional
groups, reducing the net negative charge and favoring a more folded,
compact conformation of DOM [85]. In combination, these factors yield
a DOM that is chemically complex and highly humified, as indicated by
low Sg and high HIX, consistent with aromatic, high-molecular-weight
humic substances typical of peatland origin (Table S3-2). High SUVA3s54
[93] and low BIX further support the dominance of strongly aromatic,
terrestrially derived material with limited recent microbial production,
while elevated total nitrogen (Table S3-1) corroborate the peatland
source.

At acidic pH, pristine n-TiO2 exhibits positive zeta potentials from
surface hydroxyl protonation, but exposure to SW3 promotes formation
of a negatively charged eco-corona coating of DOM and anions, invert-
ing the charge to —46.03 mV (Table 3). This strong negative surface
charge generates electrostatic repulsion that suppresses aggregation and
enhances colloidal stability. ATR-FTIR (Fig. 5) and XPS (Table 4) ob-
servations confirmed carboxylic acid functionalities and the distinct
surface chemistry of TiO2/SW3, while LDI reveals lower H/C and higher
O/C ratios than other nanoparticles (Fig. 6), reflecting oxygen-rich ar-
omatic humic structures from the peatland source. On this basis, the
eco—corona formed in n-TiO2/SW3 has a complex amphiphilic char-
acter, combining hydrophilic and hydrophobic domains. For instance,
an increased IR band ratio of C=0 to —-CH (Fig. S5) and the elevated O/C
ratio (Fig. S7) indicate substantial contributions from carboxylic acids
and other oxygenated polar groups, which enhance hydrophilicity
through hydrogen bonding and strong water affinity [67]. Conversely,
the reduced H/C ratio and enriched aromatic content imply hydropho-
bic regions associated with condensed aromatic structures and other
nonpolar moieties, which decrease local water affinity and favor in-
teractions with nonpolar compounds.

In AFM adhesion studies, the largest difference between minimum
and maximum adhesion values (adhesion range) for both crystal-TiO4
and n-TiO, was observed for the samples exposed to SW3 (Figs. 8 and
12). This wide adhesion range reflects pronounced heterogenity of the
surface coatings under humic-rich conditions, where chemically diverse,
polydisperse humic substances adsorb onto TiO5 in non—uniform fashion
and form distinct nanoscale adhesive domains with contrasting prop-
erties. In other words, the heterogeneity in the structure of DOM in SW3
can ultimately lead to heterogeneity in the types of groups adsorbed
onto nanoparticles [94]. As a result, we expect adhesion maps to exhibit
spatially coherent clusters rather than homogeneous coverage. This
expectation is confirmed by high global Moran's I values, indicating
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positive spatial autocorrelation for crystal-TiO5/SW3 (Fig. 9). These
values demonstrate that adhesion forces form non-random patchy do-
mains rather than distribute randomly across the surface.

TiO2/SW3 also exhibits higher adhesion forces than pristine TiO for
both crystal and nanoparticle samples, indicating stronger tip-surface
interactions in the presence of the humic-rich eco-corona. These
enhanced forces are consistent with multiple interaction mechanisms,
including hydrogen bonding via carboxylic and other polar groups,
electrostatic contributions from the strongly negative zeta potential, and
hydrophobic interactions involving aromatic domains [95]. The
decreased contact angle of crystal-TiO2/SW3 relative to pristine crys-
tal-TiO, indicates increased macroscopic hydrophilicity, probably
driven by adsorption of polar, oxygen-containing functionalities (e.g.,
carboxylic acids [96]) that improve wettability despite the coexistence
of hydrophobic aromatic groups.

AFM adhesion force mapping effectively distinguished the SW3
sample from other surface waters by revealing a wider range of adhesion
forces (larger min—-max differences), higher overall adhesion forces, and
pronounced patchiness.

3.4.2. n-TiOy/SW2

SW2 is a small stream situated in a forested, highly calcareous re-
gion, characterized by a DOC of 5.27 mg L1 (Table 2), comparable to
SW1 but considerably lower than SW3. It shows the highest electrical
conductivity (1808 puS cm™ ). For instance, the concentration of calcium
ions in SW2 is ten times higher than in SW1 (more than 200 times higher
than in SW3). The HIX is intermediate, lower than SW3 but higher than
SW1; while SUVAys4 values indicate reduced aromaticity relative to
SW3. Total nitrogen concentrations are the lowest among all samples.
The elevated ionic strength in SW2 encourages charge shielding by
cations, reducing electrostatic repulsion between DOM molecules,
which promotes molecular compaction and aggregation despite the
presence of natural organic ligands [85].

Surface interactions in n-TiO5/SW2 show a zeta potential near zero
(Table 3) at pH = 7.78, indicating near-complete neutralization of
nanoparticle surface charge due to adsorption of ions and DOM in the
eco-corona, effectively balancing and screening native charges. XPS
analysis (Table S4) reveals elevated aluminum, sulfate, calcium, and
uniquely carbonate, consistent with SW2's calcareous character, indi-
cating extensive ionic complexation neutralizing DOM's negative
charge. ATR-FTIR (Fig. 5), and XPS (Table 4) confirm the presence of
carbonate. LDI-FT-ICR-MS data (Fig. 6) show the highest hydrogen-to-
carbon (H/C) ratio among samples, reflecting dominance of saturated,
hydrophobic aliphatic compounds accompanied by significant hetero-
atom content (N and S). Hence, compared to n-TiO2/SW3, the n-TiOy/
SW2 eco-corona appears more ionic (inorganic) dominated. The coex-
istence of ionic or carbonate moieties with hydrophobic aliphatic do-
mains underscores its amphiphilic and compositionally complex nature.

Atomic force microscopy (AFM) adhesion force measurements reveal
that n-TiO2/SW2 exhibits forces comparable to pristine n-TiO,, lower
than two other surface waters. It has been shown that excess Ca®" can
bind to carboxylate groups and reduce adhesion forces [97], which may
explain the lowest adhesion forces observed in n-TiO2/SW2. Similarly,
crystal-TiO2/SW2, showed lower adhesion forces than crystal-TiOy/
SW1 and crystal-TiO»/SW3. Despite Ca®* being a highly hydrated and
polar divalent cation, the contact angle of crystal-TiO2/SW2 remained
comparable to pristine crystals, indicating unaltered macroscopic hy-
drophilicity [98]. This observation likely arises from Ca?"-mediated
bridging, which compacts DOM and sequesters polar groups into inter-
nal domains, thereby enhancing the relative prominence of hydrophobic
moieties on the surface [99].

3.4.3. n-TiOy/SW1

SW1 is an artificial lake surrounded by green areas, characterized by
a low DOC of 4.81 mg L™}, pH = 7.86, and an electrical conductivity of
586.5 pS cm '. This sample exhibits the lowest SUVAgs4 and HIX,
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together with the highest BIX and Sy (Table 2). A high Sy value is
indicative of low molecular-weight [100] and less complex DOM. SW1
with low-molecular-weight substances remains soluble even at high
calcium concentrations [101]. Collectively, these optical properties
indicate that DOM in SW1 is less aromatic, less humified, and more
biologically reactive.

The zeta potential of n-TiO2/SW1 is slightly negative (Table 3),
indicating some adsorption of ions and DOM but without full charge
neutralization. XPS analysis (Table 4) reveals the highest normalized
C-C/C-H ratio among the samples (Table 4), indicating a greater
abundance of aliphatic carbon compared to n-TiO»/SW2 and n-TiOy/
SW3. LDI-FT-ICR-MS van Krevelen diagram (Fig. 7) reveals a distinct
low O/C ratio group absent in n-TiO2/SW2. Together with the high C-C/
C-H signal from XPS, this group is probably attributed to lipid-like
compounds. This compositional signature is consistent with waters
exhibiting high BIX values and active microbial communities [102].

AFM measurements show that nanoparticles, n-TiO2/SW1 displays
greater adhesion forces than n-TiO»/SW2 and the pristine n-TiO,,
although the difference from n-TiO5/SW3 is not statistically significant
(Fig. 12). The contact angle of crystal-TiO2/SW1 was reduced relative to
pristine crystal-TiOp (Fig. 10), indicating increased macroscopic hy-
drophilicity. The global Moran's I for crystal-TiOo/SW1 is positive,
indicating spatial autocorrelation and patchiness in the eco-corona
coating. The adhesion force range for n-TiO2/SW1 is narrower than
for n-TiO2/SW3 (Fig. 12), reflecting a narrower force distribution with
more uniform adhesion and reduced spatial variability. This pattern
likely reflects compositional differences between microbial DOM (SW1)
and aromatic-rich terrestrial DOM (SW3) [103], although direct attri-
bution of patchiness variations to molecular-level interactions remains
speculative without further structural characterization.

3.4.4. Limitations of this work

While this work advances understanding of the eco-corona, several
limitations should be noted. The number of environmental replicates
was limited to three surface-water samples. This design was not inten-
ded to produce a comprehensive mapping of eco-corona variability but
to provide a first demonstration that AFM-based adhesion mapping can
resolve differences arising from natural DOM compositions. However,
broader environmental representation would certainly require inclusion
of more sites to identify broader trends and allow for robust statistical
analysis. The small size of the nanostructured titanium dioxide particles
(~25 nm) also posed constraints, as investigating nanoscale patchiness
requires sub-nanometer lateral resolution and ultra-sharp atomic force
microscopy (AFM) tips. Consequently, patchiness could only be exam-
ined on flat crystal-TiOy surfaces rather than individual nanoparticles;
this limitation would be less significant for larger particles. Further-
more, controlled laboratory experiments that isolate individual vari-
ables are not sufficient because the composition and structure of natural
DOM remain insufficiently characterized. In addition, the inherently
small field of view in AFM imaging (<1 um?) limits the spatial repre-
sentativeness of the environmental coatings that can be visualized.
However, in each sample we analyzed approximately 50-100 individual
particles, providing a reasonable basis for assessing coating character-
istics. The adhesion and topography data showed consistent patterns
across independent images, with no systematic deviations observed
between scanned areas. This consistency suggests that the measured
regions are representative of the overall sample within the experimental
design. While a larger dataset and additional measurement replicates
will be required in future studies to capture the full heterogeneity of
naturally formed eco-coronas, the present dataset is sufficient to
demonstrate methodological feasibility and reliability under the given
conditions.

4. Conclusion

This study demonstrates that AFM is a powerful tool for nano-
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environmental research. AFM adhesion force mapping enables quanti-
tative assessment of adhesion strength, force range (mini-
mum-maximum differences), and spatial patchiness, thereby resolving
nanoscale heterogeneity in environmentally formed nanoparticle coat-
ings. The approach can be applied to investigate nanoparticle coronas at
the nanometer scale, providing novel insight into surface heterogeneity
that has not been previously achieved, while laying the groundwork for
future mechanistic studies on eco-corona formation and transformation.

Nanoparticles exhibited increased adhesion forces in surface waters
SW1 and SW3 compared to pristine samples, though high variability
arose from surface roughness. Flat crystal-TiO, substrates exposed to the
same waters served as reference surfaces to evaluate this effect. Moran's
I analysis revealed positive spatial autocorrelations across all samples,
indicating non-random eco-corona coatings with distinct high- and low-
adhesion patches. The variability of the surface, among the samples, was
confirmed by complementary ATR-FTIR, XPS, and LDI-FT-ICR MS ana-
lyses, which revealed distinct coating chemistries.

These findings highlight eco-corona heterogeneity across aquatic
environments and underscore the interplay between particle surface
properties and water chemistry in governing nanoparticle behavior.
However, the conclusions are derived from three surface waters and thus
cannot be broadly generalized, but they demonstrate AFM’s utility for
characterizing natural eco-coronas. Future work should expand the
sample size for greater statistical power and build on this multi-
technique approach for comprehensive characterization of
nanoparticle-environment interactions.
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