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The transport and fate of nanoplastics (NPs) in aquatic environments are closely associated with their colloidal
stability, which is affected by aging and natural organic matter (NOM) adsorption. This study systematically
investigated the combined effects of photoaging and NOM (e.g. humic acids, HA; and a model protein, bovine
serum albumin, BSA) on the aggregation kinetics of NPs (polystyrene, PS) in NaCl and CaCl, solutions. Our
results showed that photoaged NPs adsorbed less HA than pristine NPs due to weaker hydrophobic and n-n in-
teractions. In return, HA showed weaker impacts on NPs’ stability after photoaging. Differently, photoaged NPs
absorbed more BSA than pristine NPs due to stronger hydrogen bonding and electrostatic attraction. Thus, the
inhibitory effects of BSA on the aggregation kinetics of NPs were enhanced after photoaging. Regarding the
effects of NOM on the aging of NPs, our results showed that HA competed with NPs for photons and underwent
photo-degradation. Subsequently, the destruction/reconstruction of adsorbed HA increased (in NaCl) or
decreased (in CaCly) the stability of NPs. Notably, light radiation-induced flocculation of BSA molecules, which
wrapped and integrated NPs and lead to their destabilization. Overall, this study provided new insights into the
aggregation behavior of NPs in aquatic systems, which have significant implications for predicting the transport
and fate of NPs in complex real-world environments.

1. Introduction (Gigault et al., 2021; Mitrano et al., 2021). The release of NPs into
aquatic environments can result in toxicities such as cytotoxicity and
metabolic disorders to a wide range of aquatic organisms including

mammals (Besseling et al., 2015), fish (Alomar and Deudero 2017; Brun

The large-scale production and commercial application of plastics
result in the excess release of plastics into the aquatic environments,

constituting up to 60-80% of marine litter (Alimi et al., 2018; Eerkes--
Medrano et al., 2015; Erni-Cassola et al., 2017). These plastic wastes can
be fragmented into nanoplastics (NPs) through chemical degradation,
biodegradation, photo-degradation, thermal degradation, and mechan-
ical abrasion (Alimi et al., 2018; Mao et al., 2018; Mao et al., 2020a;
Mao et al., 2020b; Wu et al., 2019a). Besides, the use of primary NPs in
personal care products, industrial abrades and medical fields has also
accelerated their widespread pollution in environments (Alimi et al.,
2018; Shams et al., 2020; Xu et al., 2022). Most of the concern has
focused on the potential risks of NPs to ecosystems and human health
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et al., 2019; Gu et al., 2020), zooplankton (Cole et al., 2016), and
phytoplankton (Mao et al., 2018). The transport, bioavailability, and
toxicity of NPs are tightly associated with their stability and aggregation
behavior (Alimi et al., 2018). A thorough understanding of the stability
and aggregation behavior of NPs in aquatic environments is important to
reveal and predict their potential ecological effects.

Recently, the colloidal stability and aggregation behavior of NPs
have been widely investigated in actual and simulated water (Liu et al.,
2019; Liu et al., 2020; Mao et al., 2020b; Shams et al., 2020; Xu et al.,
2021). Previous studies investigated the influence of water chemistry (i.
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e., pH, ionic strength and valence), natural organic matter (NOM) and
aging on the stability of polystyrene nanoplastics (PS NPs) in aqueous
systems (Dong et al., 2020; Li et al., 2021a; Li et al., 2021b; Liu et al.,
2019; Liu et al., 2020; Mao et al., 2020b; Shams et al., 2020). Usually,
decreased pH and enhanced ionic strength promote the aggregation of
PS NPs, and divalent cations (e.g., Ca®* and Mg2+) are more efficient to
destabilize PS NPs than monovalent cations (Wang et al., 2021; Yu et al.,
2019). Natural organic matter (NOM) is ubiquitously present in the
aquatic environment, comprised of heterogeneous organic compounds
such as humic acids (HA), excreted microbial products, proteins and
polysaccharides (Junaid and Wang 2021). The interaction of NPs with
NOM can lead to the development of diverse organic coating on the
surface of NPs, known as eco-corona (Wheeler et al., 2021), which can
modify the physiochemical properties of NPs and subsequently change
their stability (Junaid and Wang 2021). As representative components of
NOM, HA and proteins are well studied to affect the aggregation
behavior of NPs (Li et al., 2021a; Li et al., 2021b; Liu et al., 2020). HA
was reported to enhance the stability of PS NPs in NaCl solution but
reduce their stability in CaCl; solutions due to the contributions of steric
repulsion and cation bridging (Liu et al., 2020; Wang et al., 2021; Yu
etal., 2019). Li et al. reported that bovine serum albumin (BSA), a model
protein, strongly enhanced the stability of PS NPs in both NaCl and CaCl,
solutions due to the dominant role of steric repulsion (Li et al., 2021a; Li
et al., 2021b). In contrast, Liu et al. concluded that BSA strongly
destabilized PS NPs in CaCl, solutions caused by additional cation
bridging (Liu et al., 2020). Environmental aging is another important
factor influencing the aggregation behavior of NPs (Liu et al., 2019; Mao
etal., 2020b; Xu et al., 2021). As reported, sunlight aging could enhance
surface hydrophilicity and oxygen-containing functional groups of PS
NPs, resulting in the enhanced stability of NPs in NaCl solution and
decreased stability in CaCly solutions (Liu et al., 2019; Mao et al.,
2020b). Overall, these studies help us to understand the influence of
various environmental factors on the stability of NPs, especially the ef-
fect of NOM and photoaging.

However, in real environments, the influence of NOM and photo-
aging on the stability of NPs may coexist. It is well known that the
adsorption of NOM is important as it influences the aggregation kinetics
of NPs, which is significantly controlled by the physicochemical prop-
erties of NPs (Alimi et al., 2018; Li et al., 2021a). Photoaging is a sig-
nificant process affecting the surface characteristics of NPs, but whether
this can affect the adsorption of NOM and subsequent stability of PS NPs
remains unclear. In addition, NOM is also known to undergo photo-
chemical transformation after sunlight radiation (Chu et al., 2016;
Goslan et al., 2006; Zhou et al., 2017). For example, due to its capacity to
react with photons and reactive oxygen species (ROS), NOM could
inhibit the photo-oxidation of organic pollutants in water (Guerard
et al., 2009; Xu et al., 2011). NOM can also promote photo-degradation
of pollutants due to the formation of the excited triplet state of DOM
(3DOM*) and ROS (Zhang et al., 2022; Zhang et al., 2018). Notably,
sunlight radiation was also reported to induce the crosslinking and as-
sembly of protein-containing NOM, which was important for the for-
mation of marine snow (micro- and macro-gels derived from
biopolymers) in aquatic systems (Sun et al., 2019; Sun et al., 2017).
Through interfering with the photoaging of NPs or through photo-
chemical transformation, the adsorbed NOM may affect the aggregation
behavior of NPs. Overall, in complex aquatic environments, photoaging
and NOM are likely to have a combined effect on the stability of NPs.
Although the independent influences of NOM and photoaging on the
stability of NPs have been well investigated, the question remains
whether and how NOM affects the stability of photoaged NPs and
whether photoaging affects the stability of NPs in the presence of NOM.
To better understand and predict the environmental behavior and fate of
NPs in real aquatic environments, further studies regarding the com-
bined effects of photoaging and NOM on the colloidal stability of NPs are
needed.

This study aims to investigate the effects of NOM on the stability of
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photoaged NPs and the effects of photoaging on the stability of NOM-
associated NPs. For relevant comparison, manufactured PS NPs
commonly used in previous studies were used as the model NPs (Liu
et al., 2019; Liu et al., 2020). First, PS NPs were aged under simulated
light to investigate the effect of photoaging on the physicochemical
properties and colloidal stability of PS NPs. Second, HA and BSA were
selected as model NOM to study their interaction with pristine/aged PS
NPs and their effects on the aggregation kinetics of PS NPs. Third, the
influences of photoaging on the stability of PS NPs in the presence of HA
or BSA were studied.

2. Materials and methods
2.1. Materials

A PS stock solution (aqueous suspension) with a concentration of
2.5% w/v (i.e., 25 g/L) was purchased from Macklin Biochemical Co.,
Ltd (Shanghai, China). According to the manufacturer, the diameter of
PS NPs was 0.05-0.1 pm and there was no surface modification. Before
the experiments, the PS suspension was diluted with ultrapure water to
obtain 20 mg/L PS NPs and stored at 4-8 °C. The final concentration
used in all experiments was 10 mg/L, which was considered as a
representative NP concentration commonly used in aggregation kinetics
studies (Liu et al., 2019; Liu et al., 2020; Wang et al., 2021; Yu et al.,
2019). HA and BSA were purchased from Sigma-Aldrich (Shanghai,
China) and used as a representative aquatic humic substances and pro-
teins. The HA and BSA powders (1 g) were dissolved in 500 mL of ul-
trapure water and stirred for 24 h in the dark. The stock solution was
then filtered through 0.22 um Whatman membrane filters to get dis-
solved HA and BSA. The concentrations of stock HA and BSA were
determined using a total organic content (TOC) analyzer. The concen-
trations of HA and BSA used in the experiment were 2 mg C/L, which
was within the range of NOM concentrations found in natural aquatic
environments and also commonly used in previous studies (Liu et al.,
2020; Qu et al., 2010a; Shams et al., 2020). The electrolyte stock solu-
tions were prepared by dissolving ACS-grade monovalent (NaCl) or
divalent (CaCly) salts in ultrapure water and filtered through 0.22 um
filters. The electrolyte solutions were later diluted to desired concen-
trations to cover a wide range of environmental conditions. All solution
pH in this study was adjusted to 6.5 using HCl and NaOH.

2.2. Radiation experiments

The aging experiments were conducted as described in previous
studies (Liu et al., 2019; Qu et al., 2010a). The pristine PS NPs with a
concentration of 20 mg/L (50 mL) was added into a 70 mL transparent
quartz tube. The quartz tube was set in a photochemical reaction reactor
with a magnetic stirrer and irradiated with a UV lamp (365 + 50 nm),
which provided approximately 2 mW/cm? of light intensity at the center
of the reactor. To simulate the aging of PS NPs in the presence of NOM,
the pristine PS NPs (20 mg/L) with HA or BSA (4 mg C/L) were prepared
and aged under the same conditions. The aging time was set at 0, 6, 12,
and 24 h, respectively. The harvest aged PS suspensions with and
without HA/BSA were transferred into 100 mL glass bottles and blown
with nitrogen, and the pH was adjusted to 6.5 with HCl and NaOH.
Nitrogen was blown to keep pH stable and not affected by carbon di-
oxide in the air.

2.3. Characterization

A Zetasizer Nano ZS100 (Malvern Instruments, UK) was used to
characterize the hydrodynamic size and zeta potential of PS NPs. The
instrument was operated with a HeNe laser at a wavelength of 633 nm
and a scattering angle of 90° The refractive and absorption indexes for
PS NPs were 1.59 and 0.01, respectively. Scanning electron microscopy
(SEM) was used to observe the morphology and conformation of selected
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samples. The structural properties and surface functional groups of
pristine and aged PS NPs, HA and BSA samples were characterized by
attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) (Li et al.,
2021a; Qu et al., 2016). ATR-FTIR and an FLS1400 fluorescence spec-
trofluorometer were further used to characterize the interaction be-
tween pristine/aged PS NPs and HA/BSA (Gu et al., 2015; Li et al,,
2021a; Phong and Hur 2018). Detailed procedures of these character-
ization methods were presented in Text S2.

2.4. Aggregation kinetics measurements

The aggregation kinetics of PS NPs were measured with a time-
resolved dynamic light scattering (DLS) technique using a Malvern
Zetasizer instrument (Nano ZS, Malvern, UK) with a He-Ne laser at a
wavelength of 633 nm and a fixed scattering angle of 90° (Xu et al.,
2020). The pristine and aged PS NPs were sonicated in a water bath for
15 min before each measurement. For the aggregation kinetics of PS NPs
without the presence of HA or BSA, 1 mL of the PS suspension was added
to a 1 cm quartz cuvette, followed by adding 1 mL of the prepared NaCl
or CaCl; solution. For the aggregation kinetics in the presence of HA and
BSA, the PS NPs, HA or BSA and salt solution were mixed in a certain
proportion, and the final concentrations of PS NPs and HA/BSA were 10
mg/L and 2 mg C/L, respectively. The aggregation kinetics were
determined by detecting the hydrodynamic size change at a given time.
The hydrodynamic size of PS NPs was continuously monitored every 30
s for 30 min and all measurements were conducted in triplicate (Ter
Halle et al. 2017).

Detailed aggregation kinetic calculation can be found in the Sup-
porting Information (Text S1). The attachment efficiency (a) was
calculated to characterize the aggregation capacity of PS NPs in salt
solutions with different concentrations, which increased with the in-
crease in salt concentration. The salt concentration when « reaches its
maximum (a¢ = 1) was called the critical coagulation concentration
(CCC), which was used to determine the aggregation potential of PS NPs
(Mao et al., 2020b; Xu et al., 2021). The concentration was first chosen
as 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 mM for NaCl
and 10, 20 30, 40, and 50 mM for CaCl, to get general aggregation ki-
netics of PS NPs with and without NOM, and evaluate the approximate
range of their CCC values. If these salt concentrations are insufficient to
obtain an exact CCC value, additional salt concentrations around the
CCC value are added. The effect of NOM on the stability of PS NPs was
evaluated by calculating the ratio of the CCC value of PS NPs with NOM
and that of individual PS NPs (Text S1). Due to the strong stability of
pristine/aged PS NPs in the presence of NOV, it is sometimes impossible
to determine their CCC values. The ratio of the aggregation rate of PS
NPs with NOM and that of individual PS NPs (B) at a given salt con-
centration was calculated to evaluate the inhibition (p < 1) or promotion
(p > 1) efficiency of NOM on the aggregation of pristine/aged PS NPs.

3. Results and discussions
3.1. Characterizations of PS NPs before and after photoaging

The SEM images showed that the pristine PS NPs exhibited a regular
spherical morphology with an average diameter of about 70 nm, and
there was no significant difference in the shape and size of PS NPs after
aging (Fig. S1). The average hydrodynamic size of pristine PS NPs was
113.5 + 4.2 nm, which decreased slightly after aging (Table S1). The
zeta potential was —40.1 + 1.7 mV in ultrapure water (Fig. S2 and S3),
suggesting high stability of PS NPs (Liu et al., 2019; Liu et al., 2020). For
the photoaged PS NPs, its absolute value of zeta potential was hardly
altered in NaCl solution, while it decreased significantly in CaCl, solu-
tion (Fig. S2a and S2b). For pristine PS NPs, the adsorption peaks at 698
and 831 cm ! were attributed to the aromatic C-H bending (Luo et al.,
2019), and the C = C stretching of the aromatic ring and alkene at 1494
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and 1603 cm ™! were also identified (Fig. S2¢) (Liu et al., 2019; Mao
et al., 2020b). The spectra of aged PS NPs showed a broad adsorption
peak at 1600-1755 cm™! and 3200-3500 cm™! of C = O and O-H
stretching (Fig. S2c¢), indicating the presence of O-containing functional
groups, e.g. hydroxyl and carboxyl groups (Xu et al., 2021). After pho-
toaging, the hydrophilic functional groups associated with PS NPs
increased due to their higher polarity indexes (Fig. S2e, Table S2) (Lian
etal., 2019; Liu et al., 2019). Besides, the results also suggested that HA
was rich in O-containing functional groups, while BSA was rich in amino
groups (Fig. S2d and S2f).

3.2. Aggregation kinetics of photoaged ps NPs

As shown in Fig. 1, CCC values of PS NPs increased with extended
aging time in NaCl solutions, implying that aging enhanced the colloidal
stability of PS NPs in the presence of NaCl (Liu et al., 2019). Considering
there was no significant change in zeta potential after photoaging
(Fig. S2a), such differences in aggregation behavior of aged PS NPs were
unlikely caused by electrostatic interaction. It was noticed that light
radiation induced O-containing hydrophilic functional groups after
aging (Fig. S2c and S2e), which may inhibit the aggregation of NPs due
to the enhanced hydration repulsion (Ou et al., 2021; Qu et al., 2010b).
In contrast to the case in NaCl solution, the photoaging decreased the
CCC values of aged PS NPs in CaCly solution (Fig. 1b). As previously
reported, Ca?* could bind with O-containing functional groups on the
aged PS surface, resulting in strong charge neutralization and cation
bridging between aged PS NPs (Fig. S2b) (Liu et al., 2019; Mao et al.,
2020b; Shams et al., 2020). Thus, the aged PS NPs had less negative
potentials than pristine PS NPs in CaCly solution, which lead to the
decrease of their colloidal stability. A similar observation was reported
by Wang et al. in their study of biochar colloids, where they found that
HNO3 aging promoted the aggregation behavior because of the high
binding efficiency of Ca%" with the carboxyl groups on aged biochar
surface (Wang et al., 2019).

3.3. Effect of HA on the aggregation kinetics of photoaged PS NPs

The presence of 2 mg/L HA greatly enhanced the stability of PS NPs
in NaCl solutions (Fig. 2a and S9). Although negatively charged, HA can
readily adsorb onto PS NPs by hydrophobic and n-rn interaction (Liu
et al., 2020; Xu et al., 2021). As previously reported, the adsorbed HA
molecules could produce additional steric repulsion between PS NPs,
inhibiting their aggregation behavior (Liu et al., 2020; Shams et al.,
2020). Differently, the CCC values of aged PS NPs in CaCl; solutions in
the presence of HA were lower than that of pristine PS NPs (8 mM vs. 38
mM CaCly), implying that HA significantly increased the aggregation of
PS NPs in CaCl; solutions (Fig. 2b and S9). HA contained abundant
negatively charged O-containing functional groups like carboxyl and
hydroxyl groups (Fig. $2d). These moieties can complex with Ca%* and
form molecular bridging between PS NPs and thus strongly destabilize
PS NPs (Liu et al., 2020; Wang et al., 2021; Wu et al., 2019b).

The aging of PS NPs may affect the interaction between PS NPs and
HA. As shown in Fig. 2a, HA inhibited the aggregation of PS NPs in NaCl
solutions, but the degree of inhibition varied between pristine and aged
PS NPs. In the presence of HA, the attachment efficiencies of photoaged
PS NPs seemed to be higher than that of pristine PS NPs (Fig. 2a).
Because of the strong stability of pristine and aged PS NPs in the pres-
ence of HA, the CCC values of them were not determined. With the in-
crease in aging time from O h to 24 h, the f value of PS NPs in the
presence of HA increased from 0.068 to 0.193 in 400 mM NaCl solution
(Text S1, Fig. S13), suggesting that the inhibiting effect of HA was much
weakened after the aging of PS NPs. The zeta potential of pristine and
aged PS NPs did not change notably after equilibrating with 2 mg/L HA
(Fig. S4), implying that electrostatic interaction was not responsible for
the decrease in inhibition efficiency. Pristine PS NPs were rich in aro-
matic components (Fig. S2c), which were conducive to the adsorption or
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Fig. 1. The aggregation kinetics of pristine and aged PS NPs in NaCl (a) and CaCl; (b) solutions; Schematic diagram of the effect of photoaging on the stability of PS

NPs (c). Subscripts 0, 6, 12 and 24 mean aging times of 0, 6, 12 and 24 h.

hetero-aggregation of HA through n-n interaction and hydrophobic force
(Liu et al., 2020; Xu et al., 2021). The aromatic components decreased
and O-containing functional groups increased after the aging of PS NPs
(Fig. S2c and S2e) (Liu et al., 2019; Xu et al., 2021), and this might
decrease the adsorption of HA due to reduced - interaction and hy-
drophobic force (Xu et al., 2021). Based on DLS analysis, pristine PS NPs
seemed to adsorb more HA than aged PS NPs as revealed by the differ-
ence of the mean hydrodynamic diameter PS NPs before and after
interaction with HA, but the difference was not significant (Table S1).
SEM results also showed that the size and shape of PS NPs were not
significantly different before and after HA adsorption (Fig. S1). Thus, it
may be difficult to compare the adsorption of HA on pristine and aged PS
NPs by particle size. The FTIR spectra of pristine PS NPs in the presence
of HA was the result of superposition of PS NPs and HA alone (Fig. S2c,
S2d and 2c), implying the adsorption and coverage of HA on PS NPs. The
effect of HA on the spectra of aged PS NPs was smaller than that of
pristine PS NPs (Fig. S2c¢ and 2c), indicating that HA might be less
absorbed on aged PS NPs. Notably, the FTIR is not a quantitative tech-
nique, but the results here were helpful to understand the interaction of
PS NPs and NOM on a semi-quantitative level. Furthermore, the fluo-
rescence spectra revealed that the fluorescence of aromatic C=C com-
ponents of HA was quenched after the addition of PS NPs, but the
fluorescence quenching degree was decreased to a certain extent when
aged PS NPs were added (Fig. 2d). This indicated that the interaction
between HA and PS NPs was weakened to some extent, and the steric
repulsion caused by absorbed HA molecules decreased with the aging of
PS NPs, thus reducing the inhibitory effect of HA on PS NPs aggregation
in NaCl solutions (Fig. 2e).

Fig. 2b shows the effect of HA on the aggregation kinetics of pho-
toaged PS NPs in CaCl; solutions. In the presence of HA, the CCC values
of PSy, PS¢, PS12 and PSy4 were 8, 10, 12, 13 mM, respectively, lower
than the CCC values of PS NPs alone at the corresponding time. It sug-
gests that HA also promoted the aggregation of aged PS NPs in CaCl,

solutions, which was attributed to the bridging effect of Ca%* and HA
molecules absorbed on PS surface, as described above. The ratios of CCC
of PS NPs with HA and without HA were determined as 0.21, 0.33, 0.44,
and 0.67 for PSy, PSg, PS12 and PSy4, respectively, suggesting that the
promoting effect of HA on the aggregation of PS NPs was decreased after
the aging of PS NPs. This was also confirmed by the decrease in the p
value from 5.34 to 2.33 in 10 mM CacCl; solution as the aging time
increased from O h to 24 h (Fig. S13). Similar to that in NaCl solutions,
the weak interaction between HA and aged PS NPs decreased the mo-
lecular bridging with Ca?" between HA-absorbed PS NPs, thus reducing
the promoting effect of HA on PS NPs aggregation in CaCly solutions
(Fig. 2e). Qu et al. reported that HA had little influence on the stability of
aged fullerene nanoparticles (nCgp) in NaCl and CaCl; solutions due to
reduced adsorption on UV-irradiated nCgg surface (Qu et al., 2010a).
Our previous study also suggested that the effect of dissolved black
carbon on the stability of PS NPs was weakened after the aging of PS NPs
(Xu et al., 2021).

3.4. Effect of BSA on the aggregation kinetics of photoaged PS NPs

As shown in Fig. S3a and S10, the presence of 2 mg/L BSA strongly
inhibited the aggregation of PS NPs in NaCl solutions and its stabiliza-
tion effect on PS NPs was larger than that of HA. Unlike HA, the absolute
value of the zeta potential of PS NPs in the presence of BSA was lower
than that of PS NPs without BSA (Fig. S3) due to the strong interaction
between BSA and PS NPs screened surface charges of PS NPs (Li et al.,
2021a; Liu et al., 2020). Therefore, steric repulsion rather than elec-
trostatic interaction determined the aggregation behavior of PS NPs in
the presence of BSA (Dong et al., 2020; Kihara et al., 2019; Li et al.,
2021a; Liu et al., 2020). Liu et al. also reported a similar result, that
strong hydrophobic interaction contributed to the formation of protein
corona on PS NPs, enhancing their colloidal stability in NaCl solutions
(Liu et al., 2020). They further found that BSA could promote the



Y. Xu et al.

—_
&
~

Water Research 226 (2022) 119313

—_
o
~

m PStHA © PS.tHA
A PS,+HA v PS,+HA

14

m PS,fHHA @ PSHA
A PS,+HA v PS,+HA

5 B 1 p— e B S T o
- = - e =
) m /
= 2 - £ ‘ CCCps,ip1s =8 mM
g 2 CCCps,y1a = 10 mM
g § CCChs yp = 12MM
Z = CCCg, s =13 mM
T T T T 0.1 T T T
400 600 800 1000 5 10 15 20
(c) NaCl concentration (mM) ) CaCl, concentration (mM)
——HA :
—— HA+PS, :
—— HA+PS,
—— HA+PS ,
—— HA+PS,,

Intensity (a.u.)

Fluorescence Intensity (a.u.)

24h S MR ASH
4000 35'00 30'()() ZSIOO 2()'00 lSI()O l(J'(JO 500 300 350 400 450 500
(e) Wavenumber (cm") Wavelength (nm)
Pristine PS + HA Aged PS + HA Pristine PS + HA Aged PS + HA

Ca2+

Fig. 2. Influence of HA on the aggregation kinetics of pristine and aged PS NPs in NaCl (a) and CaCl; (b) solutions; Characterization of the interaction between HA
and PS NPs with FTIR (a) and fluorescence spectra (b); Schematic diagram of the effect of HA on the stability of pristine/aged PS NPs (e). Subscripts 0, 6, 12 and 24

mean aging times of 0, 6, 12 and 24 h.

aggregation of PS NPs in CaCl, solutions due to the role of cation
bridging (Liu et al., 2020). However, both our study and other publi-
cations showed that BSA increased the stability of PS NPs in CaCl; so-
lutions because of the dominant role of steric repulsion (Li et al., 2021a;
Li et al., 2021b). Such a difference may be attributed to different char-
acteristics of PS NPs and BSA such as particle size, surface functional
groups and chemical composition.

As can be seen from Fig. 3a, the addition of BSA also decreased the
aggregation attachment efficiency of aged PS NPs in NaCl solutions, but
there was no significant difference between different aging times. The
value decreased from 0.34 to 0.13 in 100 mM NaCl solution after the
aging of PS NPs (Fig. S13), implying that the effect of BSA on the sta-
bility of PS NPs was stronger. Notably, the aggregation efficiency of PS
NPs in the presence of BSA decreased with increasing aging time of PS
NPs in CaCl; solutions (Fig. 3b), accordingly, the p values of PSy, PSg,
PS;5 and PSy4 in 10 mM CaCl; solution were 0.86, 0.52, 0.24 and 0.07,
respectively (Fig. S13), which indicated that BSA had a stronger inhib-
itory effect on aged PS NPs in CaCl, solutions. Thus the higher stability
of photoaged PS NPs in the presence of BSA might be attributed to the

fact that the protein corona structure provided more steric repulsion for
aged PS NPs than pristine PS NPs.

Analyzed from FTIR and XPS results, BSA contained abundant
positively charged amide groups (Fig. S2d and S2f), which could bind
more easily with O-containing groups on aged PS NPs via hydrogen
bonding and electrostatic attraction.(Contreras et al., 2011) Thus, in the
presence of BSA, the absolute value of the zeta potential of PS NPs
decreased with increasing aging time (Fig. S3), indicating that the
interaction between BSA and PS NPs was enhanced. Compared with
pristine PS NPs, the FTIR spectra of aged PS NPs with BSA added were
closer to that of BSA alone (Fig. S2c and 3c), which suggests that aged PS
NPs adsorbed more BSA. Moreover, fluorescence spectra showed that
tyrosin and/or tryptophan and/or phenylalanine fluorescence of BSA
was quenched due to the interaction with PS NPs (Fig. 3d), and there
was a strong complexation between PS NPs and the amino acid residues
of BSA (Li et al., 2021a). As the aging time increased, the corresponding
fluorescence intensity of BSA reduced (Fig. 3d), implying stronger
interaction between BSA and photoaged PS NPs. Additionally, the SEM
images also showed that PSy4 seemed to adsorb more BSA than PSy
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(Fig. S1), and this may explain why aged PS NPs had higher stability
than pristine PS NPs in both NaCl and CaCl; solutions (Fig. 3e).
Similar results were reported in membrane fouling research, which
stated that pre-ozonation significantly alleviated membrane fouling
caused by HA but aggravated BSA fouling (Cheng et al., 2016; Levitsky
et al., 2011). Although no more detailed explanation was given in this
study, we propose that the hydrophobic and n-n interaction controlled
the adsorption of HA on pristine/aged surfaces and hydrogen bonding
and electrostatic attraction were dominant forces between BSA and
pristine/aged surfaces. The distinct interaction of HA and BSA with PS
NPs resulted in their distinct effects on the colloidal stability of PS NPs.
Unlike the adsorption of HA to PS NPs through hydrophobic and n-n
interactions, the interaction between BSA and PS NPs was mainly
dominated by electrostatic attraction and hydrogen bonding rather than
hydrophobic interaction, thus the steric repulsion generated by ab-
sorption of BSA molecules between aged PS NPs was greater than that
between pristine PS NPs. Sun et al. suggested that although aged gra-
phene oxide (GO) was more hydrophobic than GO which contained
more O-containing functional groups, the interaction between BSA and

aged GO was weaker than that of pristine GO, and thus they found that
the thinner BSA coating on aged GO resulted in the less stability
compared to pristine GO (Sun et al., 2021a). A recent study also reported
that PS-COOH interacted more efficiently with amino acid residues of
BSA than PS-Bare, so higher CCCs for PS-COOH in the presence of BSA
than in the case of PS-Bare were observed (Li et al., 2021a).

3.5. Effect of photoaging on the stability of PS NPs with HA

Fig. 4a shows the influence of photoaging on the aggregation kinetics
of PS NPs with 2 mg/L HA in NaCl solutions. With the increase in aging
time, the aggregation attachment efficiency of PS NPs with HA increased
in NaCl solutions (Fig. 4a and S11), which indicated that aging
decreased the stability of PS NPs with HA. The increase in f values from
0.07 to 0.61 when the aging time increased from 0 h to 24 h in 400 mM
NaCl solution suggests that the inhibitory effect of HA on the aggrega-
tion of PS NPs was decreased after light radiation. There was a slight
decrease in the absolute value of the zeta potential of PS NPs with HA
(Fig. S6), and thus electrostatic interaction could partly explain the
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enhanced aggregation. According to the FTIR spectra of PS NPs and HA
complexes, the functional groups of PS NPs changed little but the in-
tensity of HA functional groups decreased after aging (Fig. 4c), implying
HA might be more easily oxidized than PS NPs. Moreover, the fluores-
cence of aromatic components of HA was quenched after light radiation,
and the quenching degree increased with the increase in aging time
(Fig. 4d). This suggests that the reductive reactive components of HA
might compete for photons with PS NPs, leading to degradation or
disintegration of HA. A recent study reported that chromophores in HA
and fulvic acids such as aromatic ketones, aldehydes, quinones, and
phenolic compounds could reduce the photodegradation rates of PP MPs
through acting as both reactive oxygen species (ROS) scavengers and
optical light filters (Wu et al., 2021). Duan et al. also implied that
carboxyl-coated PS NPs produced fewer ROS than bare PS NPs due to
coating scavenging (Duan et al., 2022). Thus, HA was likely to compete
for photons and ROS, and underwent photo-degradation. Although the
observed results could be partially explained by the aging of PS NPs and
decreased interaction between HA and PS NPs, more importantly, we
propose that the destruction or reconstruction of the HA coating and the

reduction of steric repulsion might be the main reason for the less sta-
bility of PS NPs with HA in NaCl solutions after aging (Fig. 4e).

On the contrary, the CCCs of PS NPs with HA increased from 8 mM to
11, 14 and 16 mM in CaCl; solutions when the aging time increased from
0 h to 6, 12, and 24 h, respectively (Fig. 4b), which indicated that
photoaging enhanced the stability of PS NPs with HA. As mentioned
above, the Ca®* bridging with HA coating was a dominant factor pro-
moting the aggregation of PS NPs (Fig. 2b). Thus the higher stability of
PS NPs with HA in CaCl, solutions after aging was attributed to the
destruction of HA coating and less bridging effect (Fig. 4e).

3.6. Effect of photoaging on the stability of PS NPs with BSA

Fig. 5a shows the shift in the hydrodynamic size of PS NPs with BSA
as a function of time at the different aging times. With the aging time
increasing from 0 h to 6 h, the particle size of PS NPs increased from 100
nm to nearly 500 nm (Fig. 5a). Significantly, long-time radiation (12 h
and 24 h) lead to the formation of large particles (Fig. S14 and S15),
which suggests that the light radiation strongly enhanced the
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aggregation of PS NPs in the presence of BSA. The FTIR spectra showed
that more amino groups of BSA occurred while the functional groups of
PS NPs hardly changed after photoaging (Fig. 5¢), which indicated that
more BSA covered the surface of PS NPs. The fluorescence spectra
showed that tyrosin and/or tryptophan and/or phenylalanine fluores-
cence of BSA was significantly quenched after light radiation (Fig. 5d),
implying that the aging process induced the denaturation of BSA mol-
ecules. Most studies reported that sunlight radiation could result in ag-
gregation or assembly of BSA, protein-containing dissolved organic
matter (DOM) and extracellular polymeric substances (EPS) in water
bodies via chemical crosslinking (Sun et al., 2019; Sun et al., 2021b; Sun
et al., 2017). Similarly, we also found the hydrodynamic size of a single
BSA (2 mg/L) was 550 + 196 nm after 24 h light radiation (Fig. S15),
confirming the photo-flocculation of BSA molecules. Notably, the hy-
drodynamic size of PSs with BSA was much larger than that of single BSA
at the same aging time, so the large aggregate was the complex of PS NPs
and BSA flocculates, which was further confirmed by the SEM images
(Fig. S1). Therefore, due to the strong interaction between PS NPs and
BSA, the BSA molecules bridged and wrapped PS NPs, promoting the

formation of large aggregates and destroying the stability of PS NPs
under radiation (Fig. 5a, 5b and 5e). Meanwhile, neither the salt con-
centration nor ionic type affected the further aggregation of PS NPs in
salt solutions (Fig. 5b and S16). On the one hand, the hetero-aggregation
of PS NPs and flocculated BSA induced high coverage of BSA layer,
which might enhance the stability of hetero-aggregates due to steric
repulsion. On the other hand, colloidal forces had a negligible effect on
the aggregation state of the formed large hetero-aggregates due to the
diffusion limitation (Xu et al., 2021; Xu et al., 2020).

4. Conclusions and environmental implications

This study systematically investigated the interaction mechanisms of
HA/BSA and aged/pristine NPs, the photoaging of NPs with and without
HA/BSA, as well as further effect on the stability of NPs, providing new
insights into the stability of NPs in complex aquatic environments. The
most important results are that after the aging of PS NPs, the effect of HA
on the stability of PS NPs was weakened while the inhibitory effect of
BSA on the aggregation kinetics of PS NPs was enhanced with aging
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time. In addition, the high or low stability of PS NPs in the presence of
HA in NaCl or CaCly solutions was disrupted by light radiation, while the
stability of PS NPs with BSA was destroyed due to the photo-flocculation
of BSA molecules.

Beyond this, this study also has important implications for other
topics. The adsorption of NOM to the surface of nanoparticles, known as
eco-corona formation, can modify the surface properties of the nano-
particles and subsequently affect their transport, fate and ecological
toxicity in environments (Wheeler et al., 2021). However, few studies
paid attention to the formation mechanisms and evolution of eco-corona
under environmental conditions. The present study showed that the
formation of eco-corona was mediated by multiple forces between NOM
and NPs, mainly depending on the source of NOM and the aging degree
of NPs. Generally, hydrophobic and z-r interaction controlled the for-
mation of HA-derived corona on surface of PS NPs while hydrogen
bonding and electrostatic attraction were dominant in protein-corona
development. Moreover, the formed eco-corona was also changeable:
photoaging may induce the destruction of HA-corona and the
photo-flocculation of protein-corona. The formation and evolution of
eco-corona significantly affect the stability of NPs. NOM, especially
microbial derived-polymers, can nucleate and form large flocs called
marine snow after a series of physiochemical processes like homo- and
hetero-aggregation (Quigg et al., 2021). Marine snow took part in many
biogeochemical cycles in aquatic environments, and it was also reported
to enhance the sinking of MPs and their bioavailability to benthic or-
ganisms (Porter et al., 2018). Notably, studies reported that
light-induced aggregation of protein-containing NOM and EPS in
aquatic environments was related to marine snow formation (Sun et al.,
2019; Sun et al., 2017). Learned from this study, NPs significantly pro-
moted cross-linked BSA to form larger flocs than BSA alone. Therefore,
MPs and NPs may take part in the photo-flocculation of
protein-containing NOM to form marine snow, which may further affect
processes such as aggregation and sedimentation as well as biological
risks in aquatic systems.
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