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Dissolved organic matter (DOM) is likely to coexist with microplastics (MPs) in

aquatic environments. However, little is known about the effects of different

DOM fractions on the stability and aquatic toxicity of MPs. In this study, we

separated humic acid (HA) into three molecular weight (MW) fractions (> 30, 3–

30, and < 3 k Da) and examined their effects on the toxicity of polyamide 66

(PA66)-MPs to red tilapia (Oreochromis niloticus). Generally, addition of HA

enhanced the stability and thus the exposure of tilapia to MPs, leading to the

increased accumulation of MPs in the gut, liver, and brain. However, compared

with MPs alone, the accumulation of MPs in the gills of tilapia was reduced.

Compared with the presence of high-MW HA, the accumulation of MPs in the

fish liver was significantly enhanced by 1.1 times in the presence of medium-

MW HA (m-HA) after a 10-day exposure. The protein peroxidation on the liver

induced by MPs was alleviated by adding all HA fractions. However, compared

with MPs alone, the presence of m-HA resulted in a more severe lipid

peroxidation, while the presence of low-MW HA alleviate the lipid

peroxidation caused by MPs. In addition, the Integrated Biological Responses

version 2 (IBRv2) results suggested that the oxidative stress in the liver tilapia

caused by MPs could be alleviated by the presence of all HA fractions, which

was largely related to the reduced damage caused by lipid peroxidation and/or

protein peroxidation. Collectively, our results suggest that the presence of

different MW HA fractions could induce complex changes in the MP toxicity on

aquatic organisms.
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1 Introduction

Over the last few decades, concern over plastic pollution in

aquatic ecosystems has increased owing to the growing global

accumulation of plastic products and their resistance to

degradation. Plastic particles with sizes less than 5 mm are

defined as microplastics (MPs) (Thompson et al., 2004). The

presence of MPs in aquatic environments worldwide has been

demonstrated in previous studies (de Sá et al., 2018; Wang et al.,

2021a; Xu et al., 2020; Bordós et al., 2019). Furthermore, adverse

effects of MPs on aquatic organisms, including biochemical

perturbat ions , a lterat ions in gene express ion, and

malformations in neonates, have been reported (Cole and

Galloway, 2015; Ding et al., 2018; Huang et al., 2021; Kokalj

et al., 2018; De Marco et al., 2022; Zhang et al., 2019; Eltemsah

and Bøhn, 2019). Despite these studies, there are gaps in our

knowledge of the toxicity of MPs in aquatic environments. For

example, less attention has been paid to the potential influences

of environmental factors on the aquatic toxicity of MPs, which

may result in a misunderstanding of the risks posed by MPs in

aquatic ecosystems.

Dissolved organic matter (DOM) is a ubiquitous component

of aquatic systems and consists of complex structured

decomposition products from bacteria, animals, algae, or

plants (Blewett et al., 2018). DOM can be adsorbed by MPs

via ligand exchange, electrostatic interactions, and hydrophobic

interactions (Tallec et al., 2019). It is an important factor

affecting the existential form and stability of MPs in aquatic

environments (Wang et al., 2021b; Sharma et al., 2021), which

may alter the aquatic toxicity of MPs. Some studies have

reported that the presence of DOM protects against the

toxicity of MPs to aquatic organisms. Schür et al. (2021) found

a lower mortality of Daphnia magna exposed to wastewater-
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incubated MPs than those exposed to pristine MPs and

hypothesized that the results might be due to the adsorption

of DOM. The adsorption of DOM may stabilize the suspension

and alleviate the entanglement of plastic particles on Daphnia

magna, which consequently reduced the body burden of D.

magna (Wu et al., 2019). Similarly, Liu et al. (2019a) found that

the addition of 5 mg L-1 humic acid (HA), a typical DOM,

significantly alleviated the toxicity of 0.1 mm-MPs to the algae

Scenedesmus obliquus after a 48 h exposure, but this alleviation

was absent in the case of the 2 mm PS-MP exposure. In contrast,

the presence of DOM could exacerbate the toxicity of MPs in

some studies, such as increasing the accumulation of MPs in the

liver and gut of zebrafish Danio rerio (Qiao et al., 2019) and

inducing oxidative stress in S. obliquus and D. rerio (Liu et al.,

2019b). Therefore, the impact of DOM on MP toxicity is

complex, and further studies on the interactive effects of MPs

and DOM are urgently needed.

The molecular weight (MW) of DOM can range from several

hundred to tens of thousands in aquatic environments (Piccolo,

2001). Different MW DOM fractions with specific chemical

properties may interact with co-existing contaminants in

different ways, leading to complicated changes in the aquatic

toxicity of co-existing contaminants (Zhu et al., 2020; Wu et al.,

2020). Bai et al. (2020) separated HA into four different MW

fractions and found that the bioaccumulation of Cd and Pb in

earthworm Eisenia fetida and the inhibition rates of earthworm

growth both increased with increasing MW of HA. These

authors attributed the results mainly to the stronger

complexation capacities of lower MW HA fractions with heavy

metals. Zhu et al. (2020) found that the addition of HA reduced

the aggregation of iron oxide nanoparticles (g-Fe2O3) in

suspension and accelerated the process of nanoparticles

entering the cells of the fungus Phanerochaete chrysosporium,
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which induced the production of reactive oxygen species (ROS)

and increased the activities of catalase (CAT) and peroxidase

(POD). Furthermore, compared to the higher-MW HA, g-Fe2O3

could more easily enter the fungal cells and trigger higher

toxicity in the presence of lower-MW HA. In analogy to the

results from heavy metals and engineered nanomaterials

(ENMs), we assumed that the impacts of DOM fractions on

the aquatic toxicity of MPs may be MW-dependent.

Therefore, the aim of this study was to clarify the impact of

different MW DOM fractions on the stability and aquatic

toxicity of MPs. Red tilapia (Oreochromis niloticus) was

selected as a model organism for this study. It is an important

fish species in aquatic ecosystems, and our previous studies have

confirmed the ingestion and accumulation of MPs in different

tissues of red tilapia, leading to accompanying perturbations in

biochemical systems (Ding et al., 2018; Ding et al., 2020; Zhang

et al., 2019; Huang et al., 2021). Polyamide (PA) was one of the

most commonly detected MP types in the aquatic environment

and the stomach of fish (de Sá et al., 2018; Khosrovyan et al.,

2020). However, compared with other common MPs such as

polystyrene (PS), polyethylene (PE), and polypropylene (PP),

the ecological risk of PA was yet to be assessed at the same

extent. Thus, in this study, polyamide 66 (PA66)-MPs, one of the

most commonly used PA, was selected as the model MPs. In this

study, the influence of DOM fractions with different MWs on

the stability of MPs was investigated. The accumulation and

distribution of PA66-MPs in fish tissues were assessed in the

presence of DOM fractions with different MWs. The antioxidant

effects were evaluated by determining several biomarkers in the

fish liver, including glutathione-S-transferase (GST),

malondialdehyde (MDA), and protein carbonyl (PC).
2 Materials and methods

2.1 HA fractionation

HA containing ≥ 90% fulvic acid (FA) was used as an

alternative to DOM in this study. It was purchased from Aladdin

(Shanghai, China) and was prepared in water to obtain a 1 g L-1 HA

solution. The elemental composition of HA was provided by the

manufacturer and presented in Table S1. Based on previous studies

(Wu et al, 2020; Zhang et al, 2021), the HA solution was

fractionated into three fractions (i.e., < 3, 3–30, and > 30 kDa)

using an ultrafiltration device. The low-, medium-, and high-MW

HA fractions were denoted as l-HA,m-HA, and h-HA, respectively.

The three HA fractions were then stored at 4 °C.
2.2 Characterization of HA

The concentrations of different HA fractions were quantified

using a total organic carbon (TOC) analyzer (Shimadzu Corp.,
Frontiers in Marine Science 03
Kyoto, Japan). Using Milli-Q water as the blank, UV-Vis spectra

of different HA fractions were determined with a UV-Vis

spectrophotometer (UV-2600, Shimadzu Corp., Kyoto, Japan)

from 185 to 800 nm in 1 nm increments, followed by dilution to

5 mg L-1 dissolved organic carbon (DOC). Specific UV-Vis

absorbance (UV254) was used to determine the aromaticity of

each HA fraction.

The HA fractions were frozen at −80°C and dried in a freeze

dryer (Alpha 1-4 LSCbasic, BMH Instruments Co. Ltd., Beijing,

China) to prepare the HA powders. Fourier transform infrared

(FTIR, IRTracer-100, Shimadzu Corp., Kyoto, Japan) spectra

were measured by pressing 1 mg of dry powdered KBr-HA

mixture sample (KBr : HA=200:1) after subtracting the blank of

KBr, and the FTIR scan range was set at 525–4000 cm-1 at 1.0

cm-1 intervals.

The different HA fractions were characterized via three-

dimensional fluorescence excitation emission matrix (3D-EEM)

spectroscopy (F-7000, Hitachi Co. Ltd., Tokyo, Japan) by collecting

emission spectra over a range of excitation (Ex) (200–450 nm) and

emission (Em) wavelengths (250–550 nm). The main parameters of

3D-EEM spectra were as follows: Photomultiplier (PMT) voltage,

500.0V;ExandEmsampling interval, 5.0nm;ExandEmslit, 5.0nm;

and scan speed, 1200 nm min-1.
2.3 Stability of MPs under different MW
HA fractions

PA66particleswithoutfluorescentdyeswerepurchased fromthe

Shengbang Plastic RawMaterial Co., Ltd, Shenzhen, China. Particles

in sizeof 75–80mmwereobtained through screens. Subsequently, the

particleswerephotographedusing a stereoscopicmicroscope (PXS8-

T, Fenye Photoelectric Instrument Equipment Co., Ltd., Shanghai,

China) (Figure S1A). The particle size (76.4 ± 3.2 mm) and

distribution were determined by Image J (version 1.53k) (Figure

S1B). A suspension of MPs (200 mg L-1) was mixed with different

MWHA fractions (0, 5, 10, and 20mgL-1). The sampleswere placed

inanultrasonicbath for5minbeforeuse and transferred toaUV-Vis

spectrophotometer (UV-2600, Shimadzu Corp., Kyoto, Japan) for

measuring sedimentation. The sedimentation experiments were

conducted in a drive time mode for 30 min to monitor the

variation in absorbance at 195 nm as a function of time. UV-Vis

spectrawere recorded at intervals of 1 s.Variations in absorbance (A/

A0)wereused to represent thevariations in theparticle concentration

in the suspension of MPs (C/C0) (Wu et al., 2020). The solutions of

threeHA fractions with different concentrations were also processed

in the identical manner to ruled out the effects of HA itself.
2.4 Animals and exposure

Healthy red tilapia from the same lineage were kindly

provided by the Chinese Academy of Fishery Sciences (Wuxi,
frontiersin.org
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China). The fish were maintained in dechlorinated tap water

(pH 6.9–7.1 and CaCO3 114.7 ± 5.1 mg L-1) at 25 ± 1 °C under a

12 h/12 h (light/dark) cycle. Before the experiments, the fish

were acclimated for 2 weeks. The fish were fed once a day with

commercial pellet food (Dayu Aquarium Co., Ltd., Guangzhou,

China) in an amount of 3–6% of their body weight, which

stopped until four days prior to the beginning of the exposure

experiment. Fecal material and uneaten food were removed

every day. No aeration was performed throughout the

acclimation and subsequent exposure periods, and the

dechlorinated tap water (aeration ≥ 24 hours) was replaced

every day.

The following experiments were approved by the Animal

Care and Use committee of Jiangnan University. The methods of

all experiments were carried out in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory

Animals of China. After being starved, twelve fish were

randomly placed into a 36 L tank containing 30 L of

dechlorinated tap water. The fish (54.5 ± 3.5 g wet weight;

total standard length 14.6 ± 1.1 cm long) were exposed to six

treatments: control (fresh water only), MPs alone, l-HA+MPs,

m-HA+MPs, and h-HA+MPs. The exposure concentrations of

MPs and HA fractions (l-HA,m-HA, and h-HA) were 100 mg L-1

and 5 mg L-1, respectively. The exposure concentrations of MPs

were selected based on the concentrations reported in the water

environment and the effective concentrations of MPs on red

tilapia reported in previous study (Goldstein et al., 2012; Sul

et al., 2014; Ding et al., 2020). The selection of HA

concentrations were also based on the concentrations reported

in the water environment (Blewett et al., 2018) and the the

previous literature on the effect of DOM on MPs toxicity (Liu

et al., 2019a; Liu et al., 2019b; Qiao et al., 2019). Each treatment

was conducted with three replicates. A total of 15 tanks were

applied in this study. All the experiments lasted for 20 d, which

included a 10 d uptake period followed by a 10 d depuration

period. The fecal pellets in each tank were removed every day,

and the exposure media (uptake period) or fresh water

(depuration period) were renewed every day. At 0, 10, and

20 d, four fish from each tank were sampled, rinsed with

methanol to remove particles from the skin, and then

anesthetized with buffered MS-222. The fish were euthanized

by cervical transection. The tissues (liver, gut, gills, and brain)

were removed immediately, washed in 0.15 M KCl, weighed, and

stored at -80 °C for further processing. In the four sampled fish,

two of them were mixed to quantify the MPs in tissues, and the

remaining two fish were mixed for antioxidant analyses.
2.5 Quantitation of MPs in fish tissues

The MPs in fish tissues (gills, gut, liver and brain) were

quantified by the Nile Red (NR) fluorescent staining method

(Erni-Cassola et al., 2017; Wang et al., 2020). The tissue samples
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were digested in 20 mL of 100 g L-1 KOH at 60 °C for 24 h. The

digesting solution was filtered through a 0.22 mm polycarbonate

track-etched membranes (PCTE, 47 mm diameter, Whatman,

USA.) and dried in glass Petri dishes at 40 °C for 12 h. The NR

working solution (1 mg L-1) was prepared by dissolving NR dye

(98.0%, technical grade, Aladdin, Shanghai, China) in methanol.

The PCTE membrane was placed on the microscope slide, then

two drops of the NR working solution were carefully added onto

the membrane using a glass dropper. The samples were

maintained at 60 °C for 15 min in dark. PA66-MPs with NR

on PCTE membranes were identified by using a fluorescence

microscopy (DSY5000X, Chongqing Photoelectric Instrument

Co., Ltd., Chongqing, China). The fluorescence images MPs in

fish tissues was tested in bright field and green fluorescence field

(Ex: 460 nm, Em: 515–565 nm, 20×). For the determination of

the MP concentrations in fish tissues, the NR stained MPs were

transferred into 25 mL of Milli-Q water to prepare MP

suspensions. Afterward, the fluorescence intensity in green

(Ex/Em at 460/525 nm) of different suspensions was measured

by using a fluorescence spectrophotometer (F-7000). The green

fluorescence was chosen because (1) MPs fluoresced better in

green, (2) the fluorescence of HA and natural contaminants after

digestion could be ignored (Erni-Cassola et al., 2017; Qiao et al.,

2019). The fish tissues of the control group was also processed in

the identical manner as exposed fish tissues to obtain the

background fluorescence, which was subtracted from that of

the treatment samples. The standard curve was generated by

serial dilutions of NR stained MP suspensions (Figure S2). The

MP concentrations in the fish tissues were calculated from the

standard curve.
2.6 Antioxidant analyses

The liver samples of red tilapia were homogenized in nine

volumes of cold buffer (0.15 M KCl, 0.1 M Tris-HCl, pH 7.4) and

centrifuged for 25 min (10,000 ×g) at 4 °C. The enzyme was

extracted from the supernatant, and its activity was measured

with a microplate reader (Synergy H4, Biotek, VT., USA). The

content of MDA and PC, as well as the activity of GST, were

measured with the commercial kits (Comin Biotechnology Co.,

Ltd., Suzhou, China).
2.7 Data analysis

The data in the study was expressed as the mean ± standard

deviation (SD). One-way ANOVA followed by least significant

difference (LSD) post hoc test was applied to evaluate the

significant differences within or across various treatments and

exposure times. All significant differences were considered at p <

0.05. Statistical analyses were performed using the SPSS

statistical package (version 26.0, SPSS Company, USA).
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Moreover, the index of “Integrated Biological Responses version

2” (IBRv2) was applied to combine all the measured biomarker

responses into one general “stress index”. According to Sanchez

et al. (2013), the method of IBRv2 could be found in the

Supplemental Material.
3 Results and discussion

3.1 Characterization of different
MW HA fractions

As shown in Figure 1A, the different HA fractions (l-HA,m-

HA, and h-HA) displayed strong absorbance in the UV-Vis

range. At the same concentration of 5 mg L-1, the absorbance at

254 nm followed the order l-HA < m-HA < h-HA, indicating

that the aromaticity of HA increased with increasing MW. This

may be attributed to the relatively high amount of aromatic or

polyphenolic structures in the high-MW fraction (Wu et al.,

2020). As shown in Figure 1B, all HA fractions showed major

peaks at 1390 (attributed to the vibrations of symmetric COO-

stretching and aliphatic bending), 1600 (attributed to the

stretching vibrations of aromatic C=C, olefinic C=C, or

asymmetric COO- groups), and 3425 (attributed to the

vibrations of O-H stretching for carboxylic and alcoholic

groups) cm-1 (Francioso et al., 1996; Ribeiro et al., 2001; Wu

et al., 2020; Li et al., 2020). At 1600 cm-1, the intensity of the peak

increased with increasing MW of the HA fraction. This was

consistent with the UV-Vis spectra, which indicated that the HA

fraction with a high MW contained a higher amount of aromatic

substances. In addition, the peaks at 1600 and 3425 cm-1 in h-

HA were much stronger than those in m-HA and l-HA,

suggesting that the high-MW fraction contained more

carboxyl, aliphatic, and alcoholic groups.

As shown in Figure S3, peaks of different HA fractions were

observed over the range of Ex wavelengths of 265–285 nm and
Frontiers in Marine Science 05
Em wavelengths of 430–500 nm. The strongest peaks were

observed at approximately 275/460 nm (Ex/Em), which are

classified as HA-like substances (Chen et al., 2003). In

addition, the fluorescence intensities of the different HA

fractions followed the order l-HA > m-HA > h-HA. This was

consistent with the study by Bai et al. (2019), who also found that

the fluorescence intensity of the HA fractions decreased with

increasing MW. This result may be attributed to the low content

of fluorescent chromophores (e.g., aldehydes and quinones) in

the high-MW HA fractions per unit of DOC (Ren et al., 2017).
3.2 Stability of MPs under different MW
HA fractions

As shown in Figures 2A–C, the C/C0 of three HA fractions

with different concentrations were tended to be 1.00, suggesting

that the sedimentation of HA fractions could be negligible. The

changes in the sedimentation of the MP suspension in the

presence of different HA fractions are shown in Figures 2D–F.

The C/C0 of the MP suspension without HA decreased after

30 min, implying the sedimentation of MPs. However, the

decrease in C/C0 of the MP suspension with HA fractions was

reduced, suggesting that the addition of HA fractions could

decrease the degree of MP sedimentation and increase the

stability of the MP suspension. In addition, the C/C0 of the

MP suspension increased with increasing concentrations of

different HA fractions (5–20 mg L-1), with an increase rate

between 10.3% and 20.3%, revealing that the stability of MPs

increased with increasing concentration of HA fractions.

HA can be adsorbed onto the MP surface through ligand

exchange, electrostatic interactions, and hydrophobic

interactions (Tallec et al., 2019), which may form a coating

on the surface of the MPs. The adsorbed HA could carry

negative charge onto MPs as pH from 4.0 to 8.0 due to the

presence of oxygen-containing functional groups (Zhu et al.,
BA

FIGURE 1

UV-Vis spectra (A) and FTIR spectra (B) of different HA fractions.
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2014; Wu et al., 2021), reduce the sedimentation of MPs by

increasing steric hindrance and electrostatic repulsion (Tallec

et al., 2019; Wu et al., 2019; Yu et al., 2019), and thus stabilize the

suspension. Therefore, in this study, the stabilities of the MP

suspensions in the presence of different HA fractions were

higher than those without HA. Our results also indicated that

the stability of MPs increased with increasing concentrations of

the different HA fractions. This finding may be related to the

adsorption capacity of the MPs at different HA concentrations.

At 5 mg L-1 HA, there was an incomplete saturation of HA

adsorbed onto the MP surfaces. As the concentration of HA

increased, HA significantly enhanced the stability of MPs,

possibly because of the higher adsorption of HA onto the MP

surface, which would provide larger steric hindrance and

electrostatic repulsion. A similar phenomenon has been

observed in a previous study on nanoparticles, in which the

stability of nanoscale zero-valent iron (NZVI) particles increased

with increasing HA concentrations (0–20 mg L-1) (Wu

et al., 2020).

At HA concentrations of 5 and 10 mg L-1, the C/C0 of MPs

increased with increasing MW of the HA fraction after 30 min,

revealing that the higher-MW HA fraction could inhibit MP

sedimentation and better stabilize the MP particles. Previous

studies have reported that DOMwith higher aromaticity exhibits

higher adsorption on the particle surface (Jiang et al., 2017; Wu

et al., 2020; Li et al., 2020). In this study, the aromaticity of h-HA

was higher than that of the lower MW fractions, which may have

led to higher adsorption of HA onto the MP surfaces. In

addition, the high MW HA fractions could exert larger steric

hindrance due to their higher molecular weights and larger
Frontiers in Marine Science 06
radius of gyration (Li et al., 2020; Louie et al., 2013; Wu et al.,

2020). Furthermore, the adsorption of h-HA with more COO-

groups onto the MP surfaces might also lead to a higher negative

charge compared to those in m-HA and l-HA (Wu et al., 2020).

Therefore, compared with l-HA and m-HA, h-HA exerted a

larger steric hindrance and caused higher electrostatic repulsion,

thus resulting in a higher stability of the MPs. Similarly, Wu et al.

(2020) separated HA into four MW fractions (< 10, 10–50, 50–

100, and > 100 kDa) and found that the stability of NZVI

particles was higher in the presence of higher MW fractions.

After increasing the HA concentration, the stability of MPs was

enhanced, and the differences between different HA fractions in

affecting the stability of MPs were reduced, which was attributed

to further adsorption of HA.
3.3 Accumulation of MPs in fish tissues

3.3.1 Accumulation of MPs without HA
During the 20-day period, no mortality or abnormalities were

observed in any of the treatments, and noMPs were observed in the

control treatment (Figure S4). MPs were observed in the tissues

(gills, gut, liver, and brain) of red tilapia (Figure 3), indicating that

MPs can be ingested by red tilapia and accumulate in fish tissues.

After exposure to MPs alone for 10 days, the accumulation

concentrations of MPs were 62.7 ± 19.5, 61.7 ± 3.9, 41.3 ± 13.3,

and 37.1 ± 12.4 mg MPs g-1 dry weight (dw) in the gills, gut, liver,

and brain, respectively (Figure 4). As the gut and gill tissues are in

direct contact with the surrounding environment, MPs can first be

adsorbed on the branchial filaments through gill water filtration or
B C

D E

A

F

FIGURE 2

Effects of different HA fractions (l-HA, and h-HA) with various concentration on the sedimentation of MPs as a function of time. (A–C) the
sedimentations of different HA fractions (D–F) the sedimentation of MPs in the presence of different HA fractions.
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stacked in the gut lumen through oral ingestion (Ding et al., 2020).

Therefore, the accumulation of MPs in the gut and gills of tilapia

could be higher than that in the liver and brain during the exposure

period. After a 10-day depuration, the concentrations of MPs in the
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gills, gut, liver, and brain of tilapia were 66.5 ± 4.4, 41.7 ± 0.5, 37.3 ±

11.1, and 66.0 ± 7.2 mg MPs g-1 dw, respectively. The results

showed that the degree of MPs remained in the tissues after 10 days

of depuration, which was consistent with our previous research
B

C D

A

FIGURE 4

The accumulation of MPs in fish gill (A), gut (B), liver (C), and brain (D) following the treatments of MPs with different HA fractions over 10-day
exposure and 10-day depuration. Error bars indicate ± SD (n=3). The different lowercase letter indicate significant differences among different
sampling times in each treatment (p<0.05).
FIGURE 3

Representative fluorescence iamges of MPs in fish tissues (gills,gut,liver and brain) after 20-day exposure of MPs alone. Fluorescene images of
MPs in bright field (up) and in green fluorescene (down). Scale bar= 100µm.
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(Huang et al., 2021). Notably, the accumulation of MPs in the fish

brain significantly increased (p < 0.05) after a 10-day depuration

period, possibly due to internal transport in tilapia.

3.3.2 Accumulation of MPs with HA in fish
external tissues

After a 10-day exposure, the concentrations of MPs in the gills

reached 62.7 ± 19.5, 47.4 ± 2.1, 58.5 ± 11.8, and 53.1 ± 3.6 mg g-1

dw after the treatments with MPs, l-HA+MPs, m-HA+MPs, and

h-HA+MPs, respectively (Figure 4A). After a 10-day depuration

period, the concentrations of MPs in gills of tilapia were 66.5 ± 4.4,

42.9 ± 4.0, 41.7 ± 5.5, and 53.4 ± 6.0 mg MPs g-1 dw in the

treatments of MPs, l-HA+MPs, m-HA+MPs, and h-HA+MPs,

respectively. The residual concentrations of MPs in the gills

treated with different HA fractions were significantly lower than

those in the MPs-alone treatment (p < 0.05).

Our results showed that the presence of HA could reduce the

accumulation of MPs in fish gills at the end of the depuration

period. A recent study reported that Ag accumulation in the gills

of the fish Corydoras paleatus decreased when HA was present in

the media as compared to that with AgNP exposure alone (Ale

et al., 2021), which was consistent with our study. According to

the results of the stability experiment, HA adsorbed onto the MP

surface could increase the stability of the MP suspensions. It is

generally recognized that the increased stability of MP

suspensions might increase their residence time in water,

resulting in a higher accumulation of MPs in free-swimming

organisms (Wang et al., 2016; Eerkes-Medrano et al., 2015;

Milne et al., 2017). However, the accumulation of MPs in the

gills of tilapia decreased in the presence of HA. This may be

related to the pathway of MP transport to the tilapia gills. As

mentioned above, MPs accumulate in the gills mainly through

adsorption on the branchial filaments of tilapia. The adsorption

of HA onto MPs may act as a barrier that hinders direct contact

between MPs and gills (Lei et al., 2018; Wang et al., 2016).

Additionally, the interaction between HA-adsorbed MPs and

cells may be suppressed by increased electrostatic repulsion

(Wang et al., 2016). For example, Li et al. (2021) found that

the binding of gold nanoparticles (GNPs) to bacteria was

suppressed by electrostatic repulsion between negatively

charged groups in adsorbed HA and lipopolysaccharides on

the bacterial membrane. Collectively, the adsorption of HA may

result in less tight binding between MPs and the gill tissue, and

consequently cause MPs to be easily removed from the fish gills

during the depuration period.

After a 10-day exposure, the concentrations of MPs in the

gut of tilapia were 61.7 ± 3.9, 111.3 ± 3.3, 110.3 ± 3.8, and 108.0 ±

5.1 mg g-1 dw after the treatments with MPs, l-HA+MPs, m-HA

+MPs, and h-HA+MPs, respectively (Figure 4B). Compared to

MPs alone, the presence of three different MW HA fractions (h-

HA, m-HA, and l-HA) significantly enhanced the accumulation

of MPs in the gut of tilapia (p < 0.05). Qiao et al. (2019) found
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that NOM enhanced the accumulation of 0.1 and 20 mm PS-MPs

in the gut of zebrafish by 1.7 and 2.1 times, respectively, which is

consistent with our study. As mentioned above, the adsorption

of HA on the MP surface enhances the stability of the MP

suspensions. Unlike the uptake route of MPs in fish gills, MPs

are stacked in the gut via oral ingestion. Therefore, the

accumulation of MPs in the fish gut may increase with

increasing MP stability in water. Li et al. (2021) reported that

fish can display coughing behavior once the accumulation of

MPs in the mouth exceeds a tolerance threshold. The adsorption

of HA may reduce the coughing behavior of fish, decrease the

clearance of MPs, and thus increase the number of MPs

swallowed into the gut.

After a 10-day depuration period, the concentrations of MPs

in the gut were 41.7 ± 0.5, 49.9 ± 1.6, 44.7 ± 6.1, and 44.6 ± 4.1 mg

g-1 dw after the treatments with MPs, l-HA+MPs, m-HA+MPs,

and h-HA+MPs, respectively. Compared with the end of the

exposure period, the accumulation of MPs in the fish gut was

significantly decreased in all treatments (p < 0.05), suggesting that

MPs in the fish guts could be quickly excreted or transferred to

other fish tissues through the circulatory system (Huang et al.,

2021). The removal rates of the accumulated MPs in the fish gut

were 0.3, 0.6, 0.6, and 0.6 after the treatments with MPs, l-HA

+MPs, m-HA+MPs, and h-HA+MPs after a 10-day depuration

period, respectively. This result suggested that the presence of HA

could promote the clearance of MPs in the gut of tilapia. As HA

generally contains hydrophobic groups (Li et al., 2021), the

adsorption of HA onto the MP surface may result in the higher

hydrophobicity of MPs, enhancing the attachment of MPs to the

intestine, thereby promoting the transfer of MPs in the gut of

tilapia to the internal tissues of fish.

In this study, HA did not show any MW-dependent effect on

the accumulation of MPs in the external tissues of fish, although

the HA fractions stabilized the MP particles in water in an MW-

dependent manner. These results suggest that the stability of the

MP suspension is not the only factor influencing the

accumulation of MPs in fish tissues. During the uptake and

accumulation of MPs, the MW-dependent influence of HA on

MP stability may be masked by various factors, such as steric

hindrance and electrostatic repulsion in the adsorption onto

branchial filaments (Wang et al., 2016) and the complicated

environment in the fish intestine (Van Der Zande et al., 2020).

The presence and types of extracellular matrices in the gut as

well as the innate permeability and tightness of the gut

epithelium might also affect the uptake of MPs across the

epithelium (Van Der Zande et al., 2020). Moreover, the

complex conditions in the gut, such as the constantly changing

pH, high ionic strength, and the type and concentration of

organic matter, would affect the adsorption and desorption of

HA onto MPs, and may further affect the accumulation of MPs

in the gut (Zhou et al., 2020; Huang et al., 2021; Wang

et al., 2016).
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3.3.3 Accumulation of MPs with HA in fish
internal tissues

After a 10-day exposure, the concentrations of MPs in the liver

of tilapia were 48.3 ± 7.8, 63.7 ± 9.8, 143.2 ± 29.2, and 67.5 ± 3.3 mg

g-1 dw after the treatments withMPs, l-HA+MPs,m-HA+MPs, and

h-HA+MPs, respectively (Figure 4C). Compared with MPs alone,

the accumulation of MPs in the fish liver were enhanced by 0.3, 2.0,

and 0.4 times after the treatments with l-HA+MPs, m-HA+MPs,

and h-HA+MPs, respectively, although a significant increase was

only observed in the treatment withm-HA+MPs (p < 0.05). After a

10-day depuration period, the MPs accumulated in the fish liver

significantly decreased under the treatments with l-HA+MPs, m-

HA+MPs, and h-HA+MPs (p < 0.05), and there was no significant

difference from the MPs-only treatment (p > 0.05).

After a 10-day exposure, the concentrations of MPs in the

brain of tilapia were 44.2 ± 1.2, 72.8 ± 13.3, 56.7 ± 15.3, and 39.4

± 3.4 mg g-1 dw after the treatments with MPs, l-HA+MPs, m-

HA+MPs, and h-HA+MPs, respectively (Figure 4D). The

accumulation of MPs following treatment with l-HA+MPs was

significantly higher than that following treatment with MPs

alone (p < 0.05). After a 10-day depuration period, the

concentrations of MPs in the brain were 66.0 ± 7.2, 85.6 ±

10.9. 66.5 ± 3.8, and 49.2 ± 10.3 mg g-1 dw after the treatments

with MPs, l-HA+MPs, m-HA+MPs, and h-HA+MPs,

respectively. A significant increase in the accumulation of MPs

was observed only under l-HA+MPs treatment as compared

with that in MPs alone (p < 0.05).

The accumulation of MPs in the liver and brain

demonstrated that MPs could cross biological barriers and

transfer to other internal tissues after being accumulated in the

external tissues (gut and gill) of tilapia. MPs could cross the

intestinal barrier, enter the bloodstream, translocate to the fish

liver, and reach the fish brain after crossing the blood-brain

barrier (Vagner et al., 2022; Collard et al., 2017; Lu et al., 2016).

Our results showed that the presence of HA fractions generally

increased the accumulation of MPs in the liver and brain of

tilapia after 10 days of exposure. Similarly, Qiao et al. (2019)

found that NOM enhanced the accumulation of 0.1 mm PS-MPs

in the liver of zebrafish by a factor of 2. As mentioned above, HA

adsorbed onto the MP surface might enhance the attachment of

MPs to the intestine and thus increase the transfer of MPs to the

internal tissues. This could have also resulted in the increased

accumulation of MPs in fish liver and brain. In this regard,

previous studies have found that MPs in aquatic environments

tend to interact with DOM and form an eco-corona (Fadare

et al., 2019; Liu et al., 2019a; Saavedra et al., 2019), which could

enhance MP attachment and internalization into cells

(Ramsperger et al., 2020).

Compared with the treatment of h-HA+MPs, the

accumulation of MPs in the brain with the treatment of l-HA

+MPs was significantly enhanced by 0.8 and 0.7 times after a 10-

day exposure and a 10-day depuration period (p < 0.05),

respectively. Our results suggest that the accumulation of MPs
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high-MW HA fractions during the exposure and depuration

periods. The adsorption of the high-MW HA fraction onto the

MP surface resulted in higher steric hindrance to the cells of fish

tissues (Wang et al., 2016), which might make it difficult for

MPs to transfer to the brain through the blood brain barrier

(Miserocchi et al., 2008; Van Der Zande et al., 2020). However,

the accumulation of MPs in the fish liver was significantly higher

in the m-HA+MPs treatment after a 10-day exposure (p < 0.05),

which was 1.2 and 1.1 times that in the l-HA+MPs and h-HA

+MPs treatment, respectively. Unlike the transport route and

uptake of MPs in the fish brain, MPs accumulated in the fish

liver after crossing the gut barrier. Previous studies have shown

that the presence of HA may affect the gut microbiota and

permeability, and thus disturb the gut barrier function

(Mudroňová et al., 2020; Maguey-Gonzalez et al., 2018; Mirza

et al., 2011). Our results suggested that more MPs could cross the

gut barrier and translocate to the fish liver in the presence of m-

HA. Given the complexity of intestinal environment, it is

important to explore the MW-effects and mechanism of HA

fractions for MPs crossing the gut barriers and transferring to

the fish internal tissues.
3.4 Antioxidative biomarker responses

3.4.1 GST activity
Changes in GST activity in the livers of tilapia subjected to

different treatments are shown in Figure 5A. After a 10-day

exposure, the GST activity levels in the fish liver were 44.0 ± 9.3,

76.2 ± 4.3, 83.2 ± 2.1, 60.7 ± 3.5, and 76.4 ± 6.6 nmol min-1 mg-1

prot after the treatments with control, MPs, l-HA+MPs, m-HA

+MPs, and h-HA+MPs, respectively. Compared with the

control, GST activity was significantly higher in the treatments

with MPs, l-HA+MPs, m-HA+MPs, and h-HA+MPs (p < 0.05).

After a 10-day depuration period, GST activity in all treatments

was restored to that of the control levels.

Compared to the control, GST activity increased by 0.7, 0.9,

0.4, and 0.7 times after the treatments with MPs, l-HA+MPs, m-

HA+MPs, and h-HA+MPs, respectively, after a 10-day exposure

period. This result implies that MPs, irrespective of the presence

or absence of HA, could enhance GST activity in the liver of

tilapia. The GST enzyme could act as one of the first biomarkers

to activate when aquatic organisms ingested MPs (Rios-Fuster

et al., 2021) and play an important role in the cell defense to

oxidative damage by catalyzing the binding of glutathione to

MPs (Kim and Kang, 2015; Xu et al., 2021). Our results showed

that MPs significantly enhanced GST activity in tilapia, possibly

mitigating oxidative damage to fish liver cells. Similarly, previous

studies have reported that the GST activity of various fish

exposed to MPs was significantly increased to act as a

detoxification mechanism for alleviating oxidative stress, such

as Poecilia reticulata exposed to 100 and 1000 µg L-1 PS-MPs
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(Huang et al., 2020), C. auratus exposed to 0.5 mg/L polyvinyl

chloride (PVC) -MPs (Romano et al., 2020), and Sparus aurata

dietary exposed to low-density polyethylene (LDPE) -MPs

(Solomando et al., 2020; Rios-Fuster et al., 2021). In this study,

compared with the treatment with MPs alone, the addition ofm-

HA reduced GST activity in fish liver after 10 days of exposure.

This may be due to the high accumulation of MPs inhibiting

GST activity in the treatment of m-HA+MPs, possibly resulting

in more severe oxidative stress in the liver of tilapia.

3.4.2 MDA
After a 10-day exposure, the MDA contents in the fish liver

were 6.5 ± 0.4, 29.6 ± 1.2, 22.7 ± 0.3, 37.5 ± 6.7, and 33.0 ± 0.9

nmol mg-1 prot for the treatments of control, MPs, l-HA+MPs,

m-HA+MPs, and h-HA+MPs, respectively (Figure 5B).

Compared to the control, the MDA contents in MPs, l-HA

+MPs, m-HA+MPs, and h-HA+MPs treatments were enhanced

by 3.6-, 2.5-, 4.8, and 4.1 times, respectively. Previous studies

have confirmed that MPs ingested and accumulated by aquatic

organisms cause higher ROS production (Umamaheswari et al.,

2021; Yang et al., 2020; Liu et al., 2019b; Hanachi et al., 2022).

Increased ROS production in fish tissues may cause oxidative

damage (i.e. lipid and protein peroxidation), subsequently

resulting in inflammation and cell death (Choi et al., 2018;

Ding et al., 2018; Kaloyianni et al., 2021; Kim et al., 2021; Yang

et al., 2020). MDA is a terminal product of oxidative damage to

cell membranes, lipoproteins, and other lipid-containing

structures (Bai et al., 2020), reflects the rate and intensity of

lipid peroxidation (LPO) (Huang et al., 2021). In this study, the

MDA contents in the treatments of MPs, l-HA+MPs, m-HA

+MPs, and h-HA+MPs were significantly higher than those in

the control after 10 days of exposure, suggesting that tilapia

exposed to MPs experienced severe occurrence of LPO in fish

liver. This finding was consistent with our previous study, in

which overproduction of MDA was observed in red tilapia

exposed to 5 and 70−90 mm PS-MP (Ding et al., 2020). In

addition, the MDA content in l-HA+MPs treatment was

significantly lower than that in the treatment with MPs after
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alleviate the LPO induced by MPs. Previous studies have

reported that HA adsorbed on the particle surface may act as

an antioxidant to eliminate a certain amount of ROS generated

by particles accumulated in organisms (Lei et al., 2018; Wang

et al., 2016). This may result in lower production of MDA in the

liver of tilapia exposed to MPs in the presence of HA. However,

compared to MPs alone, treatment with m-HA+MPs

significantly increased MDA content. As mentioned above, it

was convincing that a greater amount of MPs accumulated in the

fish liver in the treatment of m-HA+MPs than in the other

treatments. Moreover, GST in the treatment with m-HA+MPs

was lower than that in the treatment with MPs. Therefore, a

more severe LPO in the liver of tilapia may occur when MPs are

co-exposed with m-HA.

After a 10-day depuration period, the MDA contents in the fish

liver were 5.3 ± 0.5, 10.6 ± 0.0, 4.3 ± 1.2, 6.6 ± 1.7, and 3.6 ± 0.2

nmol mg-1 prot after the treatments with control, MPs, l-HA+MPs,

m-HA+MPs, and h-HA+MPs, respectively. The MDA content in

the treatments with l-HA+MPs, m-HA+MPs, and h-HA+MPs was

restored to that of the control values, but the MDA content in the

treatment withMPs was significantly higher than that in the control

treatment (p < 0.05). These results revealed that exposure to MPs

led to irreversible oxidative damage in the liver of tilapia after a 10-

day depuration period, which was avoided by the presence of HA.

3.4.3 Protein peroxidation
After a 10-day exposure, the PC contents in the liver of tilapia

were 5.3 ± 0.2, 8.9 ± 0.7, 3.9 ± 1.9, 5.7 ± 0.6, and 4.3 ± 0.5 mmol

mg-1 prot after the treatments with control, MPs, l-HA+MPs, m-

HA+MPs, and h-HA+MPs, respectively (Figure 5C). PC content

in the treatment of MPs was significantly increased compared

with other treatments (p < 0.05). After a 10-day depuration

period, there were no significant differences between any of the

treatments (p > 0.05).

Proteins with a high level of carbonylation are considered

dysfunctional, and may cause several adverse effects on cell

structure and function (Aryal and Rao, 2018; Kaloyianni
B CA

FIGURE 5

Changes in (A) GST activity, (B) MDA content, and (C) PC content in the liver of red tilapia following the treatments of MPs with different HA
fractions at the end of the exposure and depuration periods. Error bars indicate ± SD (n=3). The different lowercase letters indicate significant
differences among different treatments on each sampling time (p<0.05).
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et al., 2021). PC content has been proposed as an indicator of

protein oxidation, reflecting oxidative damage in various fish

species such as D. rerio (Kaloyianni et al., 2021; Bobori et al.,

2020), Symphysodon aequifasciatus (Wen et al., 2018), and

Rhamdia quelen (Ferreira et al., 2010). In this study, tilapia

exposed to MPs without HA had a higher PC content in the liver

after 10 days of exposure, which might lead to protein

peroxidation. Similarly, Kaloyianni et al. (2021) found that the

PC contents in the liver of D. rerio and Perca fluviatilis were

significantly increased after a 21-day exposure to PS-MPs

compared to the control, with a 1.5 and 10 times increase,

respectively. Bobori et al. (2020) found that the PC contents in

the liver of D. rerio and Carassius gibelio were significantly

increased by 2.3 times after an 8-day exposure to titanium

dioxide nanoparticles (TiO2-NPs) compared to those of the

control. After a 10-day depuration period, PC content in the

treatment of MPs alone was restored to the control values, which

might be the result of the proteolysis of high carbonylation

proteins and the re-synthesis of normal proteins during the

depuration period.

In this study, the presence of the HA fractions significantly

reduced the PC content induced by MPs, revealing that HA

played a vital role in alleviating protein peroxidation. As

mentioned above, HA adsorbed on the MP surface might

eliminate a certain amount of ROS induced by MPs (Lei
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et al., 2018; Wang et al., 2016), and thus relieve protein

peroxidation in the fish liver. Moreover, HA coating in MPs

might decrease the direct contact between MPs and the cell

membrane (Wang et al., 2016), and reduce the damage to

membrane proteins.

3.4.4 IBRv2
To visually compare the oxidative stresses among different

treatments on red tilapia, IBRv2 was used to integrate three

biomarker responses (GST, MDA, and PC) under each exposure

condition. Among the biochemical responses, the IBRv2 values

of MDA were the highest in response to all exposures, implying

that the MDA content was highly sensitive to oxidative stress

caused by MPs. The highest IBRv2 value occurred with the

treatment of MPs alone (4.5) after 10 days of exposure

(Figure 6), suggesting that the exposure of tilapia to MPs

without HA could cause more severe oxidative stress in the

liver. The IBRv2values were 2.8, 2.4, and 2.6 after the treatments

with l-HA+MPs, m-HA+MPs, and h-HA+MPs, respectively.

Compared with MPs alone, treatments with l-HA+MPs, m-

HA+MPs, and h-HA+MPs resulted in lower IBRv2 values,

indicating that the oxidative stress in the liver of tilapia caused

by the MPs was indeed alleviated by the presence of different HA

fractions. This finding was largely related to the reduced damage

of LPO and/or protein peroxidation in the fish liver. Moreover,
B
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FIGURE 6

IBRv2 of red tilapia in the treatments of MPs (A), l-HA+MPs (B), m-HA+MPs (C), and h-HA+MPs (D) after a 10-day exposure.
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the IBRv2 value in the treatment of m-HA+MPs was slightly

lower than that in the treatments of l-HA+MPs and h-HA+MPs.

This result suggested that the presence of m-HA might better

alleviate the oxidative stress in the fish liver in some degree

compared with other HA fractions, which may be due to the

reduced protein damages of fish liver.
4 Conclusion

To the best of our knowledge, this is the first study on MP

toxicity in red tilapia in the presence of different MW fractions of

HA. The effects of different HA fractions on MP toxicity were

different. Generally, the addition of different HA fractions

enhanced the stability and thus the exposure of tilapia to MPs,

leading to an increased accumulation of MPs in the gut, liver,

and brain. However, the accumulation of MPs in the gills of

tilapia was reduced, possibly due to the coating of HA that

hinders direct contact between MPs and gills. Moreover, the

accumulation of MPs in the gills and gut of tilapia generally

showed no difference in the presence of different MW HA

fractions, but the accumulation of MPs in the liver and brain

of tilapia was generally lower in the presence of the high MW

HA fraction than in the low MW HA fraction. Compared to

MPs alone, treatment with m-HA+MPs caused inhibition of

GST activity and more severe lipid peroxidation. The presence of

all HA fractions significantly reduced the PC content induced by

MPs. In addition, the IBRv2 results suggested that the oxidative

stress (irreversible LPO and reversible protein peroxidation) in

the liver tilapia caused by MPs could be alleviated by the

presence of all HA fractions, which was largely related to the

reduced damage caused by LPO and/or protein peroxidation.

Notably, the IBRv2 value in the treatment of m-HA+MPs was

lower than that in the treatments of l-HA+MPs and h-HA+MPs,

suggesting that the presence of m-HA may better alleviate the

oxidative stress in the fish liver compared with other HA

fractions possibly due to the reduced protein damages of fish

liver. Collectively, our results suggest that the presence of

different MW HA fractions could induce complex changes in

the MP toxicity on aquatic organisms.
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