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(HA), using fluorescence spectroscopy and dynamic light scattering (DLS). The results
reveal that cationic NPs exhibit more important interactions with HA than anionic
NPs, confirming that surface charge of NPs plays a key role on their interactions with
HA. Complementary comparison showed that NP size and surface functionalization do
not significantly impact these interactions, reinforcing surface charge as the important
factor. Thermodynamic analyses at 270 nm, provide insights that these interactions
involve carboxylic acid groups in HA. In addition, these analyses indicate that anionic
NPs interact primarily through hydrogen bonding and Van der Waals forces. Finally,
HA-NP interactions are more pronounced with an acidic pH than at neutral one, high-

lighting additional processes associated with charge modification.

Keywords
Nanoparticles, interactions, humic acid, coating, surface charge, environment.
Synopsis

Nanoparticle surface charge governs interactions with humic acid, affecting their environ-

mental fate in natural waters and soils.

Highlights

In this study, Cationic iron-based engineered nanoparticles interact more with humic

acid than anionic ones.

e Nanoparticle size and coating had little effect on these interactions within the tested

range.
e Anionic nanoparticles interact through hydrogen bonding and Van der Waals forces.

e Humic acid functional groups associated with the humic acid - nanoparticle interactions

discernible at wavelength 270 nm are attributed to carboxylic acids.

e Higher interactions occur at pH 5 than at pH 7.
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1. Introduction

In recent decades, nanotechnology has made huge advances, adding advancement across
medicine [1], electronics [2]|, materials science, and urban applications |3, 4] . In light of these
developments, engineered nanoparticles (NPs), which are known for their unique properties,
are now produced and used widely [5]. However, this rapid increase in NP production
has unavoidably led to their release into the environment, including air, water, and soil,
during various stages of their life-cycle such as manufacturing, transport, use, and disposal.
Pollutants, including NPs, are transported across different environmental compartments [6—
8]. For instance, titanium (Ti)-bearing NPs emitted by anthropogenic sources have been
found in various water bodies [9-13].

Once exposed to natural waters, NPs can interact with a wide range of environmental
constituents, such as electrolytes, natural organic matter (NOM), inorganic matter, and
anthropogenic pollutants [14-17]. Through a variety of physicochemical interactions, these
constituents can affect the environmental fate and behavior of NPs. It has been shown
that natural colloids, like NOM, which are frequently found in both terrestrial and aquatic
environments, interact with NP [18-21]. It can for instance adsorb onto NP surfaces, altering
its surface energy and reducing aggregation tendencies, as shown by Zhang et al. [21].

In recent years, numerous studies has been conducted in this area as a result of the
increased interest in examining the interactions between different kinds of NPs and NOM
[22-26]. However, despite this growing attention, our mechanistic knowledge of NOM-NP
interactions is still fragmented and incomplete. The main limitation stem from the high
heterogeneity present in both NOM and NPs. The composition of NOM, a complex mixture
of organic compounds [27],varies greatly based on its source and the surrounding environ-
ment. Similarly, NP also vary in size, shape, surface charge, and chemical composition. To
describe how NOM binds to or alters the surface properties of NPs, a number of mecha-
nisms and adsorption models have been proposed [28]. These interactions are controlled by

factors such as the chemical composition of NOM and NPs, their interfacial properties, and
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environmental conditions like pH and ionic strength [28-32].

In this context, the surface coating of NPs, particularly through its surface charge and
functionality, plays an important role in mediating interactions with colloidal substances
such as NOM [31]. Indeed, these coatings act as the primary interface between NPs and
environmental constituents, ultimately shaping their behavior and fate across natural and
engineered systems [33-37].

Several studies have explored how NP coating materials affect their interactions with
humic acid (HA), a major component of NOM. These studies often focus on the impact of
coatings on NP stability and aggregation |38-44]. Recent findings from Sun et al. (2023)
[45] showed that Fe3O4 NPs coated with different surface materials yet same charge interact
distinctly with plant root exudates, affecting iron availability and uptake, highlighting the
role played by surface coating in regulating NPs behavior in the plant rhizosphere. De-
spite these investigations, studies specifically addressing how charge variation introduced by
coatings modulates molecular-level interactions with HA remain scarce [46]. Stankus et al.
[46] examined the impact of five different coatings on gold (Au) NPs (anionic, cationic, and
neutral coatings) on their interactions with model organic matter (Suwannee River Humic
Acid) using zeta potential measurements. Their results showed that organic matter adsorbs
onto Au NPs regardless of the coating used. However, the study did not observe significant
variations in these interactions due to differences in surface charge, likely due to the limita-
tions of relying solely on zeta potential measurements, which primarily provide information
on surface charge and do not fully capture the complexity of the molecular interactions
governing HA-NPs behavior. This complexity is also highlighted by the reactivity of HA,
which is primarily driven by its diverse functional groups [47]. These reactive sites are cru-
cial in determining HA interactions with NPs and other substances, influencing fundamental
processes such as adsorption, stabilization, and complexation [48].

To address this challenge, this study employs fluorescence spectroscopy, which detects

changes associated with specific functional groups and their local environment, thus captur-
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ing a part of HA and its interactions and DLS which assesses size and aggregation behavior.
Together, these techniques comprehensively investigate the effects of different NP surface
charges on the interactions between NPs and HA under controlled physical conditions (i.e.
pH and temperature). The investigation focuses on two pH levels, 7 and 5, at a tempera-
ture of 298 K. These values were selected to reflect environmentally relevant conditions of
natural water systems such as surface water, and groundwater-bog water systems, respec-
tively [49, 50]. Additionally, temperature variations at pH 7 have also been performed to
further elucidate the physicochemical mechanisms driving these interactions. The study cen-
ters on two types of commercial iron-based NPs, each coated with dextran—a biocompatible
polysaccharide recognized for its ability to stabilize NPs and modify their surface proper-
ties—and functionalized with distinct surface charges, one positive and the other negative.
In addition, thermodynamic investigations will provide insights into the mechanisms driving
HA-NP interactions, and the HA functional groups involved, contributing to enhance our
understanding of the role of NPs surface charge in their environmental behavior. This work
represents a controlled, model study that does not capture the full complexity of natural
environmental systems, yet it helps understanding the mechanisms of interactions between

positively and negatively charged NPs and HA.

2. Materials & Methods

2.1. Sample Preparation

Pahokee Peat HA, obtained from the International Humic Substances Society (IHSS,
product number 1S103H), was used in this study. A 20 mg/L HA solution was prepared by
dissolving 5 mg of HA in 250 mL of ultra-pure water. The pH of the solution was initially
elevated to 12 using 1 M NaOH to ensure complete dissolution of HA. After achieving full
dissolution, the pH was carefully readjusted to 7 or 5 using 1 M HCI to create the desired

experimental conditions. Importantly, the NaOH and HCI were added without altering the
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total volume of the solution, 100 pl. and 80 nL, respectively, for an initial volume of 250 ml,
ensuring that dilution effects were negligible.

Non-fluorescent iron-based NPs (BioPAL) were used. These NPs consist of an iron oxide
(Fe3sOy4) core coated with a dextran layer yet functionalized differently to induce distinct
charges. One type of NPs, functionalized with CoH;NH3t (CL50Q02-2A), exhibits a posi-
tive charge (denoted as NPC™), while the other has a negative charge, functionalized with
hydroxyl groups (CL-30Q02-6) (denoted as NPC™). Detailed characteristics (size and zeta
potential) are provided in supplementary information (SI, Tab. S1).

To ensure reliable experimental conditions, the stability of the NPs at the selected pH
levels was verified by measuring their zeta potential, confirming that they maintained con-
sistent stability and charge throughout the experiments (see Fig. S1 & S2 for NPC~ and
Fig. S3 & S4 for NPC*). Additionally, zeta potential and size characterization of HA as
a function of pH were conducted to gain insights into how HA behaves under different pH
conditions. The results of these characterizations are discussed in detail in the subsequent

section.

2.1.1. Fluorescence Spectroscopy Analysis

To investigate the interactions between HA and NPs, suspensions of NPC™ and NPC~ at
various concentrations (20, 40, 60, 80, 100, and 150 nM of Fe) were prepared by diluting stock
NPs solutions into a 20 mg/L HA solution at pH 7 and 5. After 30 minutes of incubation
following mixing (without agitation), each solution was analyzed using a fluorescence spec-
trophotometer (Cary Eclipse, Agilent) at two excitation wavelengths (A = 270 nm and 460
nm), which are established reference values for HA excitation according to IHSS (Fig. S5).
Both excitation wavelengths, 270 nm and 460 nm, have been associated with the excitation
of carboxyl groups [22, 51] but it is well known that aromatic structures present in DOM
(such as phenolic groups [52| and amino acids [53]) are also fluorescent. Thus, the precise

identification and spatial distribution of the fluorescent groups within the HA structure, as
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well as the specific chemical environments influencing their fluorescence, remain unclear [54].
Due to this ambiguity, we have chosen to proceed by studying the two fluorescent regions
(270 nm and 460 nm), which represent two distinct parts of HA, without further assignment
to specific functional groups or molecules. This still allows us to focus on the outcomes
related to NP surface charge and to gain insights on the type of interactions.

Samples at pH 7 were also studied at different temperatures (298, 318, and 338 K) to
gain deeper insight into the interactions between NPs and HA, whether they are static or
dynamic, and to identify the type of bonding involved. Since it was not possible to control
the temperature during fluorescence analysis, 10 mL the samples were preheated in a water
bath before measurement. From each sample, 3 mL taken from the middle were transferred
into the instrument for analysis. As each fluorescence analysis lasted approximately two

minutes, only minor temperature fluctuations were expected during sample preparation.

2.1.2. Dynamic Light Scattering Analysis

DLS analysis was performed using a Zetasizer Ultra (Malvern) to observe any potential
modifications in HA sizes upon the addition of NPs at pH 7. To achieve this, NPCt was
selected as the focus of the analysis.

The first step was to determine the concentration of NPC™ that would not interfere
with HA measurements. This was accomplished by evaluating the size of NPC* at various
concentrations (20 - 9000 pM) in a 1 mM KCI solution at pH 7. At 20 uM, the correlogram
revealed weak diffusion (diffusion coefficient < 0.6), indicating that the NP were too dilute
to be reliably detected. This result confirmed that concentrations at or below 20 pM would
not significantly interfere with HA detection.

Following this, HA samples at 20 mg/L were prepared with NPC" at concentrations of
5, 10, and 15 pM of Fe under controlled conditions of pH 7 and 298 K.
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2.2. Fluorescence spectroscopy data analysis

If NPs interact with HA, a decrease in the initial fluorescence intensity of HA, known
as quenching, is expected. The relationship between the fluorescence intensity of the fluo-
rophore, HA in our case, and the concentration of the quenching agent, the substance that
reduces fluorescence intensity, NPs in our case, is described by the Stern-Volmer equation
(Eq. 1), which is used to study the interaction dynamics between the fluorescent emitter
and the quencher [55]. This equation describes the evolution of the fluorescence intensity

ratio as a function of the quencher concentration [Q),

ITO =14 Kgv [Q], (1)

where Iy and I denote, respectively, the HA intensities before and after the addition of
NPs. Kgy represents the Stern-Volmer constant.

Fluorescence quenching, as outlined by the Stern-Volmer theory (Eq. 1), typically
presents a linear plot, indicating either a dynamic or static quenching process |55-57|.
Static quenching occurs when a non-fluorescent complex forms between the fluorophore and
quencher molecules in their ground state before the excitation. On the other hand, dynamic
quenching, also known as collisional quenching, occurs when the quencher interacts with the
fluorophore while it is in its excited state, which typically happens shortly after the fluo-
rophore absorbs light and transitions from its ground state to a higher energy state. Since
both types of quenching produce linear plots, distinguishing between them solely through
fluorescence intensity measurements cannot be done. Temperature studies help differentiate
between quenching mechanisms. Typically, dynamic quenching is characterized by a steeper
slope on the Stern-Volmer plot, which is caused by an increase in temperature that intensifies
collisional quenching between the quencher and the excited fluorophore. On the other hand,
static quenching implies the quencher and the fluorophores forming a stable ground-state

complex. In general, temperature has little effect on static quenching because the complex
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stays stable. However, if the complex destabilizes, the quenching efficiency decreases, which
results in a smaller slope on the Stern-Volmer plot [55].

While the Stern-Volmer equation typically predicts a linear relationship between fluores-
cence intensity and quencher concentration, this is not always the case. Deviations from lin-
earity behavior can occur [55, 58|. An upward curvature indicates the simultaneous presence
of both static and dynamic quenching processes contributing to the decrease in fluorescence
intensity [55, 59]. A downward curvature or negative deviation from the linearity can also
be observed in Stern-Volmer plots [55, 59, 60]. These deviations from linearity underscore
the complexity of quenching mechanisms, where the presence of multiple fluorophores or
combined quenching processes necessitates a more detailed analysis to accurately interpret

fluorescence data.

2.3. Binding Mechanisms

For interactions involving a static quenching mechanism, the quencher (Q) forms a stable,

non-fluorescent complex with the fluorophore (F), as described by the equilibrium equation:

F+n@Q =— FQ,

To analyze the binding interactions, the double logarithmic equation can be applied [61—

63]:

log (IO—I_I) = log K + nlog|Q)] (2)

In this context, [Q)] represents the concentration of the quencher available for binding
to the target site on the fluorophore. However, not all quencher molecules may be free;
some could be bound to other sites that do not contribute to the observed quenching at
the measured wavelength. Given this, the initial quencher concentration [@Q]y is used as

an approximation for the concentration of the quencher specifically involved in the binding
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interaction under study. This assumption simplifies the analysis, allowing the focus to re-
main on the primary binding interaction of interest. The validity of this approximation is
supported by a linear relationship obtained by plotting log (%) against log[@]o. In this
plot, the slope indicates the stoichiometry of the binding interaction (n) for the functional
groups measured at the specified wavelength, while the intercept provides the logarithm of
the binding constant (K') for these same functional groups involved in the interaction [64].

Building on this characterization, the possible nature of interaction between the NPs and
the HA — such as electrostatic forces, hydrophobic interactions, hydrogen bonding, and Van
der Waals forces — can be further deduced by examining the thermodynamic parameters
of the interactions [61-63, 65, 66]. Assuming that AH and AS remain constant when the
temperature does not vary significantly [63], these parameters can be determined using the
Van 't Hoff equation (Eq. 4) [62, 65, 67|,

AH ﬁ

InK=——
n RT—I—R (3)

with R representing the universal gas constant.

3. Results and discussion

3.1. Influence of coating on interactions

The fluorescence emission intensity of HA at pH 7 and 298 K (conditions that can met the
environment) was recorded in the presence of increasing concentrations of both negatively
and positively charged NPs (Fig. 1 for 270 nm and Fig. S6 for 460 nm).

For both types of NPs and at both excitation wavelengths, the impact of NPs on the
emission intensity of HA increases as the concentration of NPs rises. This effect is character-
ized by a noticeable decrease in HA emission intensity, while the emission maximum A and

band shapes remain unchanged. Given that these NPs are non-fluorescent, the observed de-

10
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Figure 1: Emission spectra of HA excited at 270 nm as a function of NP concentration at
pH 7 and T = 298 K.

crease in HA emission intensity can be attributed to direct interactions between HA and the
NPs [22, 38, 68, 69]. Notably, for the same concentration of NPs (either NPC*™ or NPC™),
the quenching effect is more pronounced at 270 nm than at 460 nm. This suggests that the
functional groups excited at 270 nm either have a stronger intrinsic affinity with NPs or are
more accessible to the NPs than those excited at A = 460 nm.

Comparing the quenching effects between the two types of NPs at equal concentrations,
the fluorescence intensity of HA shows a more significant decrease in the presence of NPCT,
the positively charged NPs, compared to NPC~, which are negatively charged. Additional
comparisons, presented in the SI (section E), discard the importance of NPs size and surface
functional groups, validating the fact that surface charge plays a key role on the interactions
of NPs with HA. This was done by comparing NPC~ (60 pM) with two other negatively
charged iron-based NPs—NPCO and NPAm 20 nm each— (Fig. S7-8) under identical ex-
perimental conditions. All three NPs induced a similar decrease in HA fluorescence intensity
as shown in Fig 2, reinforcing the idea that surface charge, rather than NP size or surface

functionalization, governs the interaction with HA - further discussion provided in the SI

11
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> charge-dependent nature of the interactions between HA and the NPs.
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—HA HA-NPAm —HA-NPCO ——HA-NPC- —HA-NPC+

Figure 2: Emission spectra of HA excited at 270 nm and 460 nm as a function of NP type
at 60 pM, pH 7, and T = 298 K.

; 3.2. Characterizing the interactions

4 Emission spectra (Fig. 1) for both NPs and excitation levels have been fitted to the
s Stern—Volmer equation (Eq. 1). The ratio Iy/I plotted as a function of NPs concentration

s at each excitation level is represented below (Fig. 3).

12
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Figure 3: Stern-Volmer plot of NPC*™ and NPC~ at pH 7 and T = 298 K. The lines correspond
to the linear fit across the entire concentration range (0 to 150 pM) for NPC~ and for the
three lowest concentrations (20, 40, and 60 uM) for NPC*.

Starting with NPC* | the plot shows good linearity at low concentrations (0-60 pM) across
both excitation levels. This linearity suggests that, within this range, an interaction occurred
between NPC™ and the functional groups associated with 270 and 460 nm. This interaction
is either mediated by a static or a dynamic quenching process [55, 70, 71]. However, as
concentrations exceed this range, an upward curvature begins to emerge when compared
to the fit of the lower concentrations (red line). This deviation indicates a change in the
interaction process, suggesting that at higher concentrations, the system transitions to a
more complex interplay that incorporates both static and dynamic quenching processes.

NPC~, on the other hand, shows a different behavior. The plots display a consistent

linearity across the entire concentration range and at both excitation wavelengths, indicating

13
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that the interactions systematically follow either a static or a dynamic quenching process at

all studied concentrations.

3.2.1. HA-NP interaction: static or dynamic?

Further fluorescence experiments were conducted on pH 7 samples, yet this time at dif-
ferent temperatures, to investigate the nature of the interactions, whether static or dynamic.
It should be noted that temperature fluctuations due to the experimental protocol reduce
the accuracy of Stern-Volmer constants but still allow to observe qualitative trends to dif-
ferentiate between static and dynamic interactions (see section H in SI for further details).

First, a slight decrease in HA emission intensity has been observed in the absence of NPs
with increasing temperatures, particularly at 270 nm (Fig. S9); however, this change appears
to be minimal. Accordingly, the systems can be effectively compared at 298, 318, and 338
K. Upon the addition of NPs, the emission spectra of HA at both excitation levels and
for both types of NPs consistently exhibited a reduction in intensity with increasing NPs
concentration, indicating that quenching persists despite the temperature rise. Notably,
NPC* continued to induce a greater decrease in HA intensity compared to NPC™, a trend
consistent with observations at ambient temperature.

To further examine the nature of these interactions, the I/l ratio was plotted as a
function of NPs concentration and compared with the data obtained at 298 K (Fig. S10
& S11). The corresponding Stern-Volmer constants for both NPs - calculated within the
linearity ranges - at three temperatures and both excitation levels are summarized in the
Tab. 1.

Upon increasing the temperature from 298 K to 338 K in the presence of NPC™, a
significant reduction in the Iy/I ratio is observed at both excitation levels. This decrease
clearly shows that the interaction between NPC™ and the associated functional groups at
270 and 460 nm follows a static quenching, which entails the formation of a non-fluorescent

ground-state complex. Additionally, this decrease of the Stern-Volmer constant indicates
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Table 1: Stern-Volmer constants as function of temperature at pH 7.

NPs T (K) Ksv 270 (mM'l) R? Kgyv 460 (mM'l) R?

NPC 298 6.7 096 1 0.97
318 5.4 0.89 0.5 0.71
338 5.1 0.88 0.5 0.66
NPC* 298 12.0 099 1.9 0.97
318 12.6 099 2.5 0.99
338 12.7 098 3.5 0.97

that quenching is less effective at higher temperatures than it is at ambient temperature.
This suggests that the complex produced by NPC~ and the functional groups of interest on
HA is most likely formed by weak binding forces which are sensitive to temperature increase.
As the temperature rises, these bonds can break, making the complexes less stable, resulting
in a decreased quenching effect.

In contrast, the interaction of NPC™ with the same functional groups of interest on HA
shows a distinct trend. At 460 nm, the Iy/I ratio increases with temperature from 298 K to
338 K, showing that the interaction between functional groups associated with this wave-
length and NPC™ is driven by dynamic (or collisional) quenching. In this case, the functional
groups in their excited state at 460 nm interact with NPC™, forming a complex. As the tem-
perature increases, the enhanced molecular mobility of HA promotes more frequent collisions,
resulting in a stronger quenching effect compared to that observed at ambient temperature.
Building on this observation, it can be inferred that under real-world conditions, environ-
mental factors—particularly sunlight exposure—could excite functional groups that absorb
at 460 nm, as sunlight spans a broad spectrum, including visible wavelengths where 460
nm falls within the blue region. This excitation would facilitate dynamic interactions with
positively charged NPs like NPC™.

At 270 nm, however, clear differences are visible. The Ij/I ratio for NPC" remains nearly
constant as the temperature increases, exhibiting minimal variation. This stability indicates
that the interaction between the functional groups associated with the 270 nm and NPC*

forms a stable complex, resistant to temperature changes. The persistence of the quenching
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effect at this wavelength, despite the temperature increase, indicates that the interaction is
governed by a static quenching mechanism rather than dynamic one. Such stability, in turn,
suggests the presence of strong binding between these functional groups and NPC™.

This behavior contrasts with observations at 460 nm, where collisional interactions take
place. These results highlight that the interaction between HA and positively charged NPs
(e.g. NPCT) can involve distinct interaction mechanisms depending on the functional groups

involved and their excitation state.

3.2.2. Mechanism driving the binding forces at environmental conditions

Ross and Subramanian [67] investigated the thermodynamic parameters involved in pro-
tein association processes. Their findings showed that hydrophobic forces are characterized
by both positive AH and AS; Van der Waals interactions and hydrogen bond formation are
characterized by both negative AH and AS. Electrostatic interactions are associated with
extremely small AH (either sign) and a positive AS.

Therefore, despite the potential temperature instability during sample preparation, the
thermodynamic parameters AH and AS for interactions involved in static processes, thus
excluding NPC* at 460 nm, are calculated using Eq. 3. Given the complexity of the system,
caution should be taken when interpreting AH and AS, as these values may be influenced by
multiple competing factors, such as solvation effects [72]. Thus, these parameters, will offer
qualitative insights into the binding mechanisms between HA — particularly with functional

groups associated with 270 and 460 nm — and NPs at pH 7 (Tab. 2).
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Table 2: Thermodynamic parameters of the static interactions between HA and NPs.

NPs A T K R* AH AS R?
(nm) (K) (L/mol) (kcal/mol) (cal/(mol.K))
NPC~ 270 298 3.43x10% 0.99 -15.37 -46.10 0.90

318 1.73x 10> 0.99
338 9.11x 10"  0.99
460 298 7.31x10*° 098 -59.44 -226.01 0.98
318 8.35x 1072 0.98
338 5.35x107* 0.98
NPCT 270 298 2.60x10° 0.99 1.92 23.36 0.96
318 3.58x 10 0.98
338 4.10x 10> 0.99

Starting with NPC~, the results show negative values for both AH and AS at both
excitation levels. The negative AH indicates that the interaction is exothermic, meaning that
the binding process releases heat. On the other hand, the negative AS suggests a decrease in
disorder during the binding process, which could result from the ordering of solvent molecules
or the alignment of the interacting molecules as the complex forms. These thermodynamic
characteristics are consistent with interactions involving hydrogen bonds and/or Van der
Waals forces [67]. This reinforces the earlier hypothesis that weak binding forces, such as
hydrogen bonding and Van der Waals interactions, play a role in the interaction between
NPC™ and the functional groups associated with 270 and 460 nm. In line with these findings,
as the temperature increases, a noticeable decrease in the binding constant K is observed
at both wavelengths, indicating a decrease in binding affinity. This reduction is attributed
to the weakening of hydrogen bonds and Van der Waals interactions, which are particularly
sensitive to thermal energy. In a similar context, Loosli et al. [73]| studied the interaction
between TiO, engineered NPs and HA using isothermal titration calorimetry. They revealed
that the binding interactions were driven by Van der Waals forces, particularly due to the
amphiphilic character of HA. Their observations support the findings of our study, where
Van der Waals forces and hydrogen bonding are identified as contributors to the binding
interactions between NPC™ and HA.

For NPC* at 270 nm, the results reveal a slight positive AH and positive AS. The

17



O JoyUdbd WM

OO O OO U U OO OrTOrdd BB DSBS DNWWWWWWWWWWNDNNDNDNDNDNDNNDNNNMNNNNRERRRRRRERRERE
G W OoOWwWOJdJOUDdWNREFOOWOJIOU D WNDRPRPOOWOJOOUIPd WNREPOOWOJoOYYOUd WDNRE OWOWJoyUdwWwNEFE O

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

positive AH indicates that the interaction is endothermic, meaning that the binding process
requires the absorption of heat. On the other hand, the positive AS suggests a net increase
in disorder, which could result from the release of water molecules or counter-ions during
complex formation. These observations point to the contribution of electrostatic binding
forces [67]. Given that electrostatic forces are relatively strong interactions, this supports
the hypothesis regarding the stability of the complex formed between the functional groups
associated with 270 nm and NPC*. Furthermore, the increase in the binding constant
K with rising temperature provides additional support for the endothermic nature of the
interaction. This suggests that the binding interaction becomes more favorable as heat is
absorbed.

Since there are mostly electrostatic interactions between NPC* and the functional group
at 270 nm, we can say that this functional group has a negative charge. Researchers are still
trying to figure out the exact chemical structure of HA because it is so complicated and var-
ied. However, it is well known that HA has a lot of carboxyl (R-COOH), nitrogen-containing
(R-NHs), and phenolic groups [74]. At pH 7, HA predominantly carries a negative overall
charge, primarily due to the deprotonation of its carboxyl groups, which have a pKa around
4, leading to the formation of carboxylate groups (COO™) [75, 76]. Phenolics, on the other
hand, have a pKa around 9 [76], which means that at pH 7, they stay mostly protonated
(neutral). Our zeta potential analysis of HA at pH 7 (Fig. S12) confirms the presence of two
distinct zeta potential values (positive and negative), with the negative value being more
prominent. It is thus hypothesized that the ionized carboxyl groups have an important con-
tribution to the 270 nm absorption. In light of these results, the electrostatic interaction
between NPCT and HA at 270 nm should be driven by the attraction between the RNHZ
groups on NPC* and the carboxylate groups on HA. On the other hand, at the same excita-
tion wavelength, the hydroxyl groups on NPC™ exhibit a weaker affinity for the carboxylate
groups, likely forming hydrogen bonds between the hydrogen atom of the hydroxyl group

and the oxygen atom of the carboxyl groups. This interpretation is consistent with the
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thermodynamic data obtained; however, given the limitations of fluorescence in providing
detailed information about functional groups, further research using complementary tech-
niques such as FTIR, NMR, or XPS is required to confirm these hypotheses. For instance,
recent developments in NMR have demonstrated its potential for studying the interactions
between NPs and humic acid, although it has yet to be applied under relevant environmental

conditions [77]

3.3. Impact of pH on the interactions

To better understand the interaction between HA and NPs, complementary fluorescence
analyses were performed on the HA and HA-NP samples at the same concentrations, this
time at pH 5 and 298 K. The results were then compared with those obtained at pH 7. Initial
observations revealed a decrease in the emission intensity of HA at pH 5 at both excitation
levels (Fig. 4). This reduction in intensity could be attributed to an increased protonation
of functional groups at lower pH and/or a change in the conformation of HA, which may

affect the electronic structure of fluorescent HA and reduce fluorescence efficiency.
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Figure 4: Emission spectrum of HA at A = 270 and 460 nm for pH = 5 and pH = 7.
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Following this observation, the zeta potential and hydrodynamic size of HA (at the
same concentration of 20 mg/L) over a pH range between 2 and 10 were measured. The
zeta potential results (Fig. S13) showed that HA remained with an overall negative charge
whatever the pH, the zeta potential shifted from around -40 mV at pH > 5 to around -25
mV at pH 4 and below. This behavior is consistent with a study by Stankus et al. [46],
which demonstrated that HA retains an overall negative charge across a pH range from 2
to 10. In addition, the analysis of the zeta potential distributions (Fig. S14) revealed that
the absolute values of both the positive and negative regions decreased as the pH decreased.
Furthermore, the two regions became closer to each other. This could indicate a reduction in
overall charge density, likely due to the increased protonation of functional groups at lower
pH.

Such changes in protonation could also lead to conformational changes in HA [78], which
may affect the accessibility and distribution of functional groups, further contributing to
the reduction in charge disparity between the positive and negative regions. Indeed, the
hydrodynamic size distribution of HA (Fig. S15) reveals a shift toward larger size diameters
as the pH value decreases, suggesting the possibility of aggregation occurring within the HA.
At the same time, smaller HA components become observable at lower pH, likely as a result
of an aggregation effect. Further discussions about these results can be found in the SI. This
increase in size is in agreement with a recent study by Tu Luan et al. 78] in which it was
reported that HA structures tend to be thread-like at high pH, whereas at low pH it aggre-
gates into droplet-like structures yielding an increase in diameter in DLS measurements. In
line with these findings, a study |79| reported that micelle-like aggregation and the interfa-
cial adsorption of HA were substantially facilitated in the acidic region. This aggregation
behavior supports the hypothesis that conformational changes in HA, as indicated by the
zeta potential distribution, may be occurring.

After introducing the NPs, the interaction between HA and the NPs is again (as for pH

7) more pronounced with NPC* at pH 5 compared to NPC~, indicating that the interaction
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order is not affected by the conformational changes in the HA structure. The Iy /I ratios as a
function of NP concentration for both samples at pH 5 were used to obtain the Stern-Volmer
constants and compared to the corresponding values at pH 7 (cf. constants reported in Tab.
3).

Table 3: Stern-Volmer constants for pH 5 and 7 at 298 K.

NPs pH Kgy 270 nm Kgy 460 nm

(M) (M)
NPC— 7 6.7 1.0
5 7.9 1.6
NPCT* 7 12.0 1.8
5} 12.8 3.5

*: Slopes are calculated within the linearity domain (0-60 pM)

At pH 5, more protonation of carboxyl groups absorbing at 270 nm is expected, which
would reduce their capacity to interact with positively charged NPs. This effects led to the
expectation that the overall interaction strength at pH 5 would be lower compared to that
observed at pH 7. However, surprisingly, the experimental results revealed a contrasting
trend. The observed Stern-Volmer constants (Kgy ) at pH 5 are higher for both excitation
wavelengths (270 nm and 460 nm) and for both types of NPs compared to those measured
at pH 7. This enhancement in interaction strength is especially pronounced for functional
groups absorbing at 460 nm. These results indicate that the acidic environment promotes
stronger interactions between HA and the NPs; a finding that was unexpected, particularly
for carboxyl groups absorbing at 270 nm. Under normal conditions, protonation at acidic
pH would be expected to weaken interactions with positively charged NPs due to reduced
electrostatic attraction.

The discrepancy between expected and observed behavior indicates that additional fac-
tors beyond simple protonation are influencing the interactions. A key factor is the aggre-
gation and structural reorganization molecules at pH 5. Such reorganization can exposes
previously inaccessible functional groups, increasing their availability for interaction with

the NPs. This structural rearrangement particularly affects the functional groups associ-
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ated with absorption at 460 nm, amplifying their interactions under acidic conditions. A
study by Xie et al. 2020 [80] demonstrated using chemical force microscopy that HA bind-
ing to surfaces is governed by electrostatic forces, hydrophobic interactions, and hydrogen
bonding, all of which vary with pH and ionic strength. Notably, the adhesion of HA to amino-
functionalized surfaces was shown to reverse from attraction to repulsion under alkaline pH
conditions, which align to what we observed in our study.

This behavior mirrors findings from other studies that highlight the complex nature of
interactions between dissolved organic matter, such as HA, and contaminants. For instance,
a study on HA and various xenobiotics revealed that pH significantly influences binding
interactions due to conformational changes in the HA structure. Specifically, at high pH,
HA structures open up, making functional components more accessible for interactions with
contaminants [81]. Similarly, another study investigating bisphenol A binding to HA across
a broad pH range found that pH modulates both the strength and type of interactions [62].
While these studies observed pH-dependent behavior in the binding of organic contaminants
to HA, our results present a distinct trend—enhanced interactions at pH 5, which suggests
that NPs may behave differently compared to organic contaminants in acidic conditions.

These findings highlight the complex nature of HA-NPs interactions, which cannot be
explained solely by pH-induced protonation effects. The observed increase in interaction
strength at pH 5 emphasize the role of structural and molecular rearrangements of HA
under acidic conditions. This suggests that future studies should consider not only chemical
modifications but also conformational dynamics of HA in different environmental contexts,
as both factors may significantly influence the behavior of HA in relation to nanoparticles

and other pollutants.

3.4. Influence of NPC™ on HA size

Fluorescence analysis revealed that NPC™ interacts more strongly with the functional

groups of interest in HA compared to NPC~. Building on this finding, the next step was to
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investigate how NPC™ affects the size distribution of HA molecules at pH 7 and 298 K.

To begin, the size distribution of HA in the absence of NPs was first analyzed. The
results (Fig. S16) revealed three distinct peaks: Peak A around 10 nm, Peak B near 100 nm,
and Peak C at approximately 700 nm, reflecting the presence of HA molecules in various
aggregate sizes.

Next, we determined the minimal concentration of NPC™ required to avoid interference
with HA size measurements by testing a range of concentrations from 900 pM to 20 nM.
As the concentration of NPCT decreased, the correlation coefficient of the correlogram (Fig.
S17) also dropped. At 20 pM, the correlogram revealed weak diffusion (coefficient < 0.6),
indicating that the NPs were too dilute to be detected accurately. Thus, this concentration
is low enough to ensure accurate detection of HA behavior without significant interference.
As such, concentrations below 20 pM of NPC* will not substantially affect HA size mea-
surements.

With this threshold established, we next introduced NPC* at intermediate concentrations
of 5, 10, and 15 pM. At these concentrations, noticeable changes in the HA size distribution
were observed. The intensity of Peak A increased, indicating a rise in the number of smaller
HA aggregates. In contrast, Peak B showed a significant decrease in intensity as the concen-
tration of NPC™ increased. This indicates that mid-sized HA aggregates are being disrupted
and broken down into smaller particles, resulting in a higher concentration of smaller-sized
particles, as reflected by the increased intensity of Peak A. Meanwhile, Peak C, which repre-
sents the largest HA aggregates, exhibited a slight decrease in intensity upon the addition of
NPC* (especially at 15 pM). Although this reduction was less pronounced than the changes
in Peaks A and B, it suggests that even the largest HA aggregates are somewhat affected by
NPCT.

This disruption is probably caused by the interaction between the negatively charged
carboxylate (COO™) groups on HA and the RNH; groups on the surface of NPCT, which

could potentially break down HA aggregates and cause structural modifications. This finding
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is in line with a previous study [82| that found that citrate-coated gold NPs caused HA to
break up significantly. This was probably because they changed the hydrogen bonds in HA
aggregates and made it easier for HA molecules and gold NPs to exchange ligands. Brigante
et al. [83] and Piccolo et al. [84] also found that monocarboxylic acids caused HA aggregates
to break apart. They proposed that humic substances (HS) are groups of smaller molecules
that are held together by hydrophobic forces. When carboxylic acids come into contact with
HS, these forces can be broken, which causes the HS to break apart into smaller molecules.
In the current study, the interaction between NPC™ and HA probably works in a similar
way, though driven by electrostatic interactions. In this case, the RNHI groups probably

break up existing bonds and forces in HA, which leads to changes in the HA structure.

4. Conclusion

This study focuses on the interaction between positively and negatively charged NPs
with humic acid. It offers new insights into these interactions showing that they are influ-
enced by the charge of the NPs involved but also some functional groups of HA (which has
been assigned to carboxyl groups). Fluorescence analysis, showed that both positively and
negatively charged NPs can form complexes with HA, and that the interactions between
positively charged NPs and HA functional groups are more important than those observed
with negatively charged NPs. This suggests that NPs with a positive charge might have
higher affinity for natural organic matter in the environment.

According to fluorescence experiments, positively charged NPs interact with HA via
different mechanisms: static quenching happens when groups absorb at 270 nm, whereas dy-
namic quenching is linked to groups that absorb at 460 nm and frequently requires external
stimuli like light. This suggests that, depending on the environment and the availability of
functional groups, HA and positively charged NPs can coexist with several quenching mech-

anisms, both static and dynamic, either independently or simultaneously. Furthermore, the
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conclusion of this study are in agreement to previous works suggesting that the functional
groups associated with the 270 nm absorption are carboxyl groups, contributing to a better
understanding of the specific interactions between NPs and HA. Additionally, environmental
factors such as pH, temperature, and light intensity can also influence the interactions be-
tween HA and NPs. While these results are important, using additional techniques such as
FTIR and NMR are recommended to improve understanding of the underlying mechanism.

Finally, the formation of HA-NPs complexes highlighted in this study raises concerns
about the potential of NPs associated with environmental risks. When NPs interact with HA
or NOM, these complexes can alter their properties, such as size, solubility, and aggregation,
making them more likely to be unintentionally removed or overlooked during sampling and
standard preparation methods such filtration. This may result in an underestimation of
the concentrations of NPs in the environment. Therefore, it is important to continue to
consider the intricate interactions, at the molecular-level, between NPs and NOM like HA

in environmental assessments.
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