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Abstract: The omnipresence of microplastics and nanoparticles has led to their entry into the fresh
and marine aquatic systems and affected the biota. The present study aims to evaluate the impact
of the interaction of polyethylene microplastic (PE-MPs) and zinc oxide nanoparticles (ZnO-NPs)
in mosquito fish, Gambusia holbrooki. For this, fish were exposed to 100 µg L−1 PE-MPs (group 2),
200 µg L−1 PE-MPs (group 3), 50 µg L−1 ZnO-NPs (group 4), 50 µg L−1 ZnO-NPs combined with
100 µg L−1 PE-MPs (group 5), and 200 µg L−1 PE-MPs (group 6) and control (group 1) for 14 days.
The assessment was made through accumulation studies (MPs and Zn) and antioxidant assay.
Significant elevation in the activity of catalase, superoxide dismutase, glutathione peroxidase, and
glutathione reductase levels was observed in ZnO-NPs alone and in combination with PE-MPs (100
and 200 µg L−1) groups only. High malondialdehyde levels were observed in all the exposed groups.
Concordantly total antioxidant (TAN) levels displayed a significant reduction in all treated groups
compared to control. Accumulation study on microplastic suggested liver-targeted accumulation
of PE-MPs, while for ZnO-NPs, observed PE-MPs assisted accumulation. The study affirms the
induction of oxidative stress and ZnO-NPs-induced toxicity facilitated by PE-MPs in fish.

Keywords: fish; microplastic; nanoparticle; oxidative stress; toxicity

1. Introduction

Plastic polymers are used in various industries, such as paint, fabric, pipes, packaging,
etc. Multifaceted utilization increased the amount of plastic waste in the environment.
Statistical data show the annual entry of about 14 million tons of plastic debris into aquatic
ecosystems [1]. Plastic leftovers in water bodies or sediments can break down into smaller
pieces through mechanical, physicochemical, and biological agents [2].

Plastic lower than 5 mm in size are called microplastic (MPs). This is used in cosmetic
production, textile, and packaging as an ingredient [3–5]. Thus, MPs can enter the environ-
ment through various pathways. They are found in urban sewages, industrial effluents,
and surface runoff [2,6]. Furthermore, MPs constitute a critical pollutant in marine ecosys-
tems [1,7]. Studies have shown that MPs in marine ecosystems could affect varied aquatic
organisms [8,9]. As a case of concern, the aquatic organism may swallow these MPs or
absorb them through gills that can enter the digestive system. Thus, MPs may be distrusted
in different tissues after entering the blood and penetrating vital organs [7].

The literature review displayed that MPs can affect the growth, survival, and repro-
duction rate of aquatic organisms [10–12]. Damaged DNA, oxidative stress, histopathology,
and changes in the blood biochemical parameters are reported in the finfish and shellfish
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exposed to MPs [7,10,13,14]. Moreover, exposure to MPs could induce immunotoxicity
and change the intestinal microbiota [15]. MPs can act like Trojan horses that can transit
various environmental contaminations [16–19]. These act as absorbers of other chemical
and biological pollutants by virtue of their physical and chemical properties. Heavy metals
are known pollutants that MPs can carry in water ecosystems [15,20–23]. Thus, MPs can
affect the toxicity and bioavailability of other xenobiotics.

Nano-ZnO has antibacterial and antifungal properties [24–28]. Therefore, it can be
used in the synthesis of disinfectants. Due to its physicochemical properties, nano-ZnO
is used in various industries, such as cosmetic, paint, and ceramic manufacturing. ZnO
can enter surface water via the discharge of wastewater into aquatic environments and
was shown to be toxic to aquatic animals [29–31]. Studies showed that ZnO could induce
oxidative stress, immunotoxicity, and changes in the behavior of fish. Histopathological
damage and alterations in the blood biochemical parameters were observed in aquatic
organisms exposed to ZnO [28,30,32].

Previous studies indicated that metal nanoparticles in combination with MPs, could
induce reactive oxygen species production, the imbalance between ROS and cellular antiox-
idant capacity, developing oxidative stress [15]. Endocrine dysfunctions, decreasing growth
rate, increasing mortality rate, and disruption in reproductive systems were reported in
various aquatic organisms exposed to nanoparticle mixture with MPs [33].

In the present study, the mosquito fish (Gambusia holbrooki) was selected as a laboratory
animal to assay the toxic effects of ZnO in combination with MPs. Gambusia is a viviparous
fish found in freshwater habitats. This species often feed on mosquito larvae. Therefore,
the mosquito fish is often introduced to surface waters to biologically control the larvae of
vector insects. The species is easily adapted to experimental circumstances. Its life cycle is
very short; it reaches sexual maturity quickly and gets pregnant in the aquarium. Therefore,
this fish is a suitable candidate for toxicity studies.

2. Materials and Methods
2.1. Chemicals

Chemicals such as hydrogen peroxide, nitric acid, perchloric acid, and phosphate
buffer solution were purchased from Merk, Germany.

2.2. Microplastics

High-density polyethylene microplastic powder (HDPE-MPs, (C2H4)n, density:
0.963 ± 0.012 g cm−3; thermoplastic polymer, melting point: 120–140 ◦C and average
size: 200–250 µm) powder was brought from Karunkara Co., (Shiraz, Iran).

2.3. Nano-Particles ZnO (ZnO-NPs)

Nano-ZnO was purchased from the Iranian Nano-materials Pioneers Company (Mash-
had, Iran). ZnO-nanoparticles solution was prepared using distilled water, followed by ultra-
sonication (10 min, 35 KHz, 100/400 W) in an ultrasound bath (Elma, Germany) for 30 min. The
prepared solution had the characteristic size of 10–30 nm as confirmed by electron microscopy
(Figure 1) and other physicochemical properties described in Figure 2 and Table 1.

Table 1. Physicochemical properties of Zinc oxide nanoparticles, adopted from the Iranian Nano-
materials Pioneer’s manufacturer.

Physicochemical Properties Range

Purity +99.9%
Average primary particle size (D50) 10–30 nm

Specific surface area (SSA) 60 m2 g−1

Color Milky white
Bulk density 5.606 g cm−3

Crystal phase Single
Crystal morphology Nearly spherical
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Figure 2. The X-ray powder diffraction (XRD) curves of nano-crystalline ZnO (adapted from the
Iranian Nano-materials Pioneers Company’s catalog).

2.4. Fish

Mosquito fish (Gambusia holbrooki), with an average weight of 2.7 ± 0.1 g and length
of 4.20 ± 0.35 cm were captured from a local waterbody (Zargan, Iran). Followed by the
immersion of fish in the NaCl salt solution bath (1%) for 30 s for disinfection, they were
finally transferred into aquariums equipped with aerators. Fish were allowed to adapt to
laboratory circumstances for ten days (temperature: 23 ± 2 ◦C, dissolved oxygen: 6 mg L−1,
pH: 7.4 ± 0.2, photoperiods: 14 light/10 dark). Water quality was monitored regularly,
metabolic waste was siphoned, and 50% of water exchanges were conducted daily to
maintain the physicochemical qualities of the water. Fish were fed with a commercial diet
(Beyza Feed Mill, Shiraz, Iran) at the rate of 3% of body weight (metabolizable energy:
4 Kcal g−1; crude protein: 43.5%; crude lipid: 20%; crude fiber: 2%).

2.5. Experimental Design

A total of three hundred and sixty fish were allocated to six experimental groups
(with two replicates) in twelve separate 80 L aquariums. PE-MPs treatment solutions were
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prepared by adding a required concentration of MPs in 250 mL of distilled water and
0.1% Tween 20 and ultra-sonicated (10 min, 35 KHz, 100/400 W) for 30 min to prepare a
homogeneous suspension. Next, defined concentrations of nano-ZnO were mixed with
corresponding suspensions and placed in an ultrasonic bath for 30 min. Both PE-MPs and
nano-ZnO suspensions were placed in a bath shaker for 24 h at 200 rpm and 25 ◦C. All
suspensions were maintained in a refrigerator at 4 ◦C. Furthermore, stock solutions were
ultra-sonicated before use to acquire uniform suspensions.

In the experiment, fish (n = 30) were exposed to 100 µg L−1 PE-MPs (group 2),
200 µg L−1 PE-MPs (group 3), 50 µg L−1 ZnO-NPs (group 4), 50 µg L−1 ZnO-NPs combined
with 100 µg L−1 PE-MPs (group 5), and 50 µg L−1 ZnO-NPs combined with 200 µg L−1

PE-MPs (group 6), respectively. Control fish (group 1) was maintained in de-chlorinated
water. After 14 days of treatment, fish from each treatment were captured and anesthetized
with clove powder (100 mg L−1). Then, the fish were autopsied, and their livers were
removed and placed in liquid nitrogen. Samples were maintained at a temperature of
−26 ◦C (2–3 days) until before homogenization.

2.6. Bioaccumulation of MPs

The fish’s liver (n = 12) extracted from each MPs exposed experimental group was
dried with a freeze dryer and processed to detect the presence of MPs using a Fourier
transform infrared spectroscopy (FTIR) apparatus (JASCO, FT/IR-4600) [34]. The basis of
the FTIR spectroscopy technique is to measure the chemical composition of materials by
measuring how they interact with infrared light.

2.7. Bioaccumulation of Zn

Six fish liver from Zn treatment groups were dried in the oven at 70 ◦C for 8 h. Next,
1 g of dried samples were mixed with 5 mL H2O2, then were digested with 5 mL nitric
acid (0.1 mol L−1) and 5 mL (0.1 mol L−1) perchloric acid to obtain a clear solution. Then,
this solution was filtered with the Whatman paper (0.45 µm). Zn concentrations from each
sample were measured using inductively coupled plasma optical emission spectrometry
(ICP-OES, Optima 7000 DV, PerkinElmer, Waltham, MA, USA). The bio-concentration of
Zn was expressed as the metal mass (µg)/dry tissue mass (g).

The bio-concentration factor (BCF) was calculated using the following equations:

BCF = C f ish/Cwater (1)

where C f ish and Cwater are the Zn concentrations in the fish body and water (µg g−1 dry
weight and µ L−1), respectively.

2.8. Oxidative Biomarkers

From fish (n = 24) 1 g of the liver tissue sample was mixed with a 0.1 M phosphate
buffer solution containing 300 mM sucrose and 0.1 mM ethylene diamine tetra-acetic acid
with pH 7.8 in a ratio of 1 to 10. Then, samples were homogenized by a homogenizer.
Homogenized tissue was centrifuged (15,000 rpm) at a temperature of 4 ◦C for 15 min.

The activity of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione reductase (GR), malondialdehyde (MDA), and total antioxidant (TAN)
contents were measured using the antioxidant biomarker kit according to the instructions
provided by the manufacturer (Kiazist Pishro Barman Co., Hamadan, Iran).

2.9. Evaluation of the Interaction of MPs on the Toxicity of ZnO-NPs

The following mathematical formulas were used to estimate the effect of MPs on the
toxicity of ZnO nanoparticles [35]. The synergism rate only occurs when the expected effect
is greater than the observed effect:
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1. Predicted effect of the endpoints of fish exposed to MPs and ZnO-NPs, alone

Predicted effect =
MPs

Control
× ZnONPs

Control
(2)

2. The observed effect of the endpoints of fish exposed to MPs and ZnO-NPs, in combi-
nation

Observed effect =
The combination of MPs and ZnONPs

Control
(3)

3. The synergistic effect

Synergy ratio =
Predicted effect
Observed effect

. (4)

2.10. Data Analysis

After checking the normality of data by the Kolmogorov–Smirnov test, statistical
analyses were carried out using GraphPad Prism 8.0.2. software. Data analysis was
performed using a two-way analysis of variance (two-way ANOVA) at a 95% confidence
level (p < 0.05), and the means were compared with Duncan’s test. The results are presented
as mean ± standard deviation (SD).

3. Results
3.1. FTIR Assay

FTIR graphs obtained for different treatment groups revealed the presence of MPs,
suggesting MP accumulation in the fish liver compared to the standard graph (Figure 3).
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Figure 3. Fourier infrared spectroscopic spectrum related to liver samples to detect PE-MPs (n = 12).

The most prominent peaks in the FTIR spectrum of polyethylene are typically as-
sociated with vibrations of the CH2 groups in the polymer backbone. Polyethylene has
several characteristic peaks in its FTIR spectrum, including a strong peak at approximately
2916 cm−1 corresponding to CH2 stretching vibrations and a weaker peak at approximately
1460 cm−1 corresponding to CH2 bending vibrations. Other peaks may also be present
depending on the specific type of polyethylene and any additives present. Additionally, the
low-density polyethylene (LDPE) typically peaks at around 720 cm−1, which is associated
with rocking vibrations of the CH2 groups. On the other hand, high-density polyethy-
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lene (HDPE) shows a peak at around 1375 cm−1, which is attributed to CH3 deformation
vibrations.

3.2. Bioaccumulation of Zn

Data obtained after ICP- OES analysis indicated that the bioaccumulation rate and
bioaccumulation factor of Zn for G. holbrooki was increased following co-exposure of PE-
MPs and ZnO-NPs, i.e., groups 5 and 6. However, the rate of Zn bioaccumulation remained
unaffected by the concentration or amount of microplastic (Table 2).

Table 2. The bioaccumulation of Zn in the body of G. holbrooki co-exposed to PE-MPs and ZnO-NPs
(n = 6).

Microplastics (MPs)

0.0 µg L−1 100 µg L−1 200 µg L−1

ZnO
Nano-Particles 0.0 µg L−1 50 µg L−1 0.0 µg L−1 50 µg L−1 0.0 µg L−1 50 µg L−1

Bioaccumulation
(µg g−1 dried tissue) 0.0 ± 0.0 a 10.48 ± 0.51 b 0.0 ± 0.0 a 13.56 ± 1.12 c 0.0 ± 0.0 a 14.17 ± 0.60 c

Bioaccumulation factor 0.0 ± 0.0 a 0.21 ± 0.01 b 0.0 ± 0.0 a 0.27 ± 0.02 c 0.0 ± 0.0 a 0.28 ± 0.01 c

Notes: Results are presented in mean ± S.D. Different alphabetical superscript in a row represent significant
(p < 0.05) change.

3.3. Antioxidant Enzyme Assay

There was no significant difference in SOD activity (U/protein) in the hepatocytes
of G. holbrooki exposed to 100 and 200 µg L−1 PE-MPs, and the control group after 14-day
exposure, whereas a significant (p < 0.05) increase was observed in the hepatocytes of fish
challenged with 50 µg L−1 ZnO-NPs alone and in combination with 100 and 200 µg L−1

PE-MPs (Figure 4).
However, the activity of GPx (U/protein) significantly (p < 0.05) increased in the

hepatocytes of G. holbrooki after exposure to 50 µg L−1 ZnO-NPs alone and in combination
with 100 and 200 µg L−1 PE-MPs. Lack of significance was determined in the GPx activity
in the liver cells of fish after treatment with 100 and 200 µg L−1 PE-MPs compared with the
control group after statistical analysis (Figure 4).

Although a significant increase (p < 0.05) was found in the CAT activity (KU/g protein)
in the hepatocytes of G. holbrooki following exposure to 50 µg L−1 ZnO-NPs alone and
in combination with 100 and 200 µg L−1 PE-MPs, lack of significance was determined
by statistical analysis in fish exposed to 100 and 200 µg L−1 PE-MPs compared with the
reference group.

In this study, the activity of GR (U/protein) was significantly (p < 0.05) enhanced
after exposure to 50 µg L−1 ZnO-NPs alone and in combination with 100 and 200 µg L−1

PE-MPs, while GR activity was not statistically significant (p > 0.05) in the treated fish with
100 and 200 µg L−1 PE-MPs compared with the control group (Figure 4).

Results show elevated MDA contents (µmol g−1 tissue) in the hepatocytes after 14-day
exposure to 50 µg L−1 ZnO-NPs, and 100 and 200 µg L−1 PE-MPs, alone and combined,
thus exhibiting affected tissue in all exposure groups. There was a significant (p < 0.05)
decrease in the TAN levels (µmol g−1 protein) of the treated fish with ZnO-NPs and PE-MPs
alone and in combined compared to the control. The lowest values of TAN were found in
the fish exposed to 50 µg L−1 ZnO-NPs alone and in combination with 100 and 200 µg L−1

PE-MPs (Figure 4).
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3.4. Interaction Study between MPs and ZnO-NPs

Mathematical calculation conducted to determine the impact of interaction of PE-MPs
and ZnO-NPs manifested synergistic (additive) impact on the antioxidant enzyme activity
(Table 3).

Table 3. Evaluation of synergism of ZnO-NPs and PE-MPs concerning the oxidative biomarkers after
14 days.

Oxidative Biomarker Treatments Predicated Effect Observed Effect Synergy Ratio Combined Effect

SOD
(U g−1 protein)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 1.49 1.30 1.15 S
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 1.40 1.24 1.13 S

GPx
(U g−1 protein)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 1.25 1.19 1.04 S
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 1.22 1.23 0.99 A

CAT
(KU g−1 protein)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 1.33 1.26 1.05 S
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 1.40 1.28 1.09 S

GR
(U g−1 protein)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 1.22 1.16 1.05 S
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 1.26 1.15 1.09 S

MDA
(µmol g−1 tissue)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 6.14 3.3 1.86 S
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 1.74 4 0.43 A

TAN
(µmol g−1 protein)

50 µg L−1 ZnO-NPs and 100 µg L−1 PE-MPs 0.23 0.32 0.70 A
50 µg L−1 ZnO-NPs and 200 µg L−1 PE-MPs 0.20 0.24 0.85 A

Notes: Synergistic effect: S; suppressive effect: A (A < 1 < S); synergistic impact refers to the combined effect of
two or more things that is greater than the sum of their individual effects; a suppressive effect on biochemical
parameters refers to the ability of a substance or intervention to reduce the levels or activity of specific biomolecules
in the body; and oxidative stress is a biological process that occurs when cellular and molecular components of
the body are exposed to high levels of reactive oxygen species (ROS) and free radicals.

4. Discussion

With the omnipresence of small-sized particles, such as microplastics in everyday
products (ingredients of many daily use items, cosmetics, packaging, etc.) and nanoparticles
in drugs, the biomedical field, and different formulations, there are raising concerns about
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their adverse effect on aquatic life. Due to their small size, these can be easily ingested
by a wide range of organisms, from zooplankton to larger marine mammals. Thus, it has
become crucial to understand how these interact and affect the aquatic biota in their natural
environment because these pollutants may directly or indirectly enter the environment and
contaminate air, water, and soil.

In an organism, the liver serves as the site of detoxification, and the bioaccumulation
of the microplastic was observed in the liver tissues, which corresponds to the reports
of the liver as the target organ of MPs toxicity [36]. Following PE-MPs ingestion, these
may reach other sites through circulation as evidenced in liver organoids (model) and
fish [36,37]. MPs can even cross the intestinal barrier to reach the liver tissue [38]. The
accumulation can influence the organism by blocking the digestive passage and physiology
of the cell [39–41]. Additionally, a significantly enhanced Zn bioaccumulation was observed
in the microplastic co-exposed groups compared to the individual Zn group and control
group. Concordant studies have reported microplastics as a carrier of heavy metals, as they
provide a surface for adsorption and thus act for the co-transportation of the metal [15].
This co-transportation as evidenced in the present study enhances the bioavailability of Zn,
which may lead to a range of adverse health effects, including cellular damage and organ
dysfunction. Exposure to Zn has been reported to develop histopathological alterations in
the liver of the fish [42]. Therefore, increasing MPs in the environment and their ability to
transport heavy metals ascertain their potential to enter the food chain.

Present data indicate an altered antioxidant system in accordance with the studies in
ragworms and fish on exposure to MPs and nanoparticles [31,43,44]. Exposure to MPs and
nanoparticles is reported to be associated with the production of reactive oxygen species
(ROS) [45–47]. ROS are regularly produced as part of metabolism but are counterbalanced
by an effective antioxidant system present in the organism [13,48,49]. If the level of ROS
increases in the body, it can lead to conditions such as oxidative stress, inflammation, and
cellular damage. The antioxidant system comprises both enzymatic and non-enzymatic
regulation. The enzymatic class of the antioxidant system has CAT, SOD, and GPx, while
non-enzymatic has major GR, along with vitamin C and proteins. The catalase enzyme acts
to effectively scavenge the H2O2, while SOD acts to decompose the superoxide radical. A
significant increase in SOD and CAT activities suggests the high activity of these enzymes
against the overproduction of ROS.

In the present study, the antioxidant assay revealed no significant differences in the
SOD, CAT, GPx, and GR activity in 100 and 200 µg L−1 PE-MPs groups compared with
the control group. While significant (p < 0.05) increase was evident upon exposure to
nanoparticles (ZnO NPs) alone and in combination with both lower (100 µg L−1) and
higher (200 µg L−1) concentrations of PE-MPs. Significant elevation in the activity of SOD,
CAT, GPx, and GR suggests an activated defense mechanism. Similar increased levels of
SOD activity were also reported on exposure to nanoparticles [31,38,50,51]. In contrast
to this, studies have reported a decreased level of SOD and CAT upon exposure to NPs
(Al2O3, CuO, and TiO2), which may be associated with the inhibitory effect of ROS [50].

Malondialdehyde (MDA) is a byproduct of lipid peroxidation (LPO). In the process,
reactive oxygen species (ROS) attack polyunsaturated fatty acids in cell membranes forming
lipid hydroperoxides. These hydroperoxides can then break down into various products,
including MDA. Therefore, significantly higher levels of MDA in the tissue indicate damage
caused by ROS. The elevated level of MDA was also evident in the white sucker fish exposed
to ZnO-NPs at 1 mg L−1 [29]. Similar observations were made by Farkas et al., where they
reported a similar increase in LPO level in MPs and Au-NPs while the maximum value
was reported in the combination (Au-NPs + MPs) group [45].

Along with regular antioxidant assay comprising of CAT, SOD, and GR, to assess the
development of oxidative stress, an alternative approach was used, i.e., estimation of total
antioxidant levels [52]. This approach prevents the chances of error and ambiguity in cases
determining individual antioxidants and is less time-consuming. This method measures
the concentration of total antioxidants using UV/visible spectrophotometrically [53]. The
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lower value of total antioxidants recorded represents their utilization against the enormous
number of reactive radicals produced in the fish in response to both MPs and ZnO-NPs. The
study found that ZnO-NPs act as respiratory toxicants in white suckers at environmentally
relevant concentrations [29]. They reported induced oxidative stress, malondialdehyde,
heat shock proteins (HSPs), and caspases 3/7 activity along with increased membrane
permeability in the gill. They also found that high HSP expression levels could increase
cell survival chance and resistance to oxidative stress induced damage. Analysis of the
synergistic interaction (ZnO-NPs and PE-MPs) on oxidative stress parameters illustrated
a synergist effect in all the studied parameters (Table 3). Concordantly, they reported
the suppressive effect of the association on the total antioxidant levels. This supported
the hypothesis of the development of oxidative stress by the studied pollutants and the
negative impact of the association. The outcomes of the synergism study corroborate the
findings [29,45].

The present study demonstrates this association to aggravate and raise severe health
issues in aquatic forms. So, the release of these particles needs to be regulated for environ-
mental safety. Further, studies are required to understand the toxicity mechanism of the
interaction in fish.
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