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Abstract

Microplastic pollution attracted extensive attention because of its global presence

and adverse effects on ecosystem. However, it is insufficient to clear the effects of

nanoplastics on organisms at the molecular level. Herein, a nanopolystyrene

(50 nm) was used to examine molecular responses of superoxide dismutase (SOD)

and desoxyribonucleic acid (DNA) using spectroscopy (UV‐vis, circular dichroism

spectra, and fluorescence measurements) and single cell gel electrophoresis methods.

Results showed that nanopolystyrene induced oxidative stress, involving in the

increase of SOD activity and malondialdehide (MDA) content, and DNA damage

because of the significant increase of olive tail moment, head optical density, and tail

DNA percentage in the groups at exposure concentrations above 5 × 10−6 mol/L. The

second structural and microenvironment of aromatic amino acids of SOD were

changed with nanopolystyrene exposure. The fluorescence of SOD was quenched

by nanopolystyrene at exposure concentration above 1 × 10−5 mol/L, and the

quenching mode could be ascribed to the static type. The results and the combined

methods are favorable to explore the molecular toxicity of other nanoplastics and

the interaction mechanism.
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1 | INTRODUCTION

Plastic debris in the environment is growing gradually due to the

mass production of plastics and the discard without an effective pro-

cessing.1,2 These plastic debris in the environment gradually

becomes millimeter plastics (microplastics [MPs]) and nanometer‐

scale plastics (nanoplastics [NPs]),3 because of illumination radiation,

wave shear hydrolysis, and microorganism action.4,5 This change in

size affects their environmental behavior such as migration,
wileyonlinelibrary.com/journ
transformation, bioavailability, and toxicity.6-8 For example, NP is

more toxic than MP.9 The adverse effects of MPs have been certi-

fied by research at cellular and organism level,10-13 which includes

but not limits to mortality, energy disturbance, inhibited growth

and development, endocrine disruption, and genotoxicity.14,15 Most

of the researches concludes that the mechanisms of the toxic effects

of MPs/NPs involves oxidative stress and the formation of

reactive oxygen species (ROS).4,14 However, there is little informa-

tion on the mechanism of MPs/NPs‐induced oxidative stress at
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molecular level, which is necessary to evaluate the biological effects

of NPs.

Alterations of the antioxidant defense system is one of the reasons

of oxidative stress, while change of structure and function of antioxi-

dant enzymes can be an indication of the oxidative stress.16,17 Super-

oxide dismutase (SOD) is a potent ROS‐metabolizing enzyme that

occurs in most organisms. It is responsible for maintaining the cellular

redox state and protecting cells from oxidative damage.18 Nasser and

Lynch reported that proteins can interact with MPs/NPs to form “pro-

tein corona,” resulting in the change of the environmental behavior

and toxicity of NPs.19 However, information is insufficient to clear

the effects of the MPs/NPs on the physiological function of SOD.

On the other hand, although MPs/NPs can bind or interact with

desoxyribonucleic acid (DNA), information about its genotoxicity is

still limited.20 Therefore, nanopolystyrene (NPS) was chosen as a

model of NP, because of the nondegradability and wide distribution

in the environment, accounting for 24% of the macroplastics in the

estuarine habitat.11 Also, it was widely studied due to its cytotoxicity

as medical material for the organ imaging, drug delivery, implants,

and so on.21

The main aim of this study is to explore the conformational and

functional changes of SOD induced by nano‐NPS using spectroscopy

methods (UV‐vis, circular dichroism spectra, and fluorescence mea-

surements) and DNA damage with comet assay, which can help us

better understand the mechanism of NP‐induced oxidative stress

and genotoxicity at the molecular level.
2 | MATERIALS AND METHODS

2.1 | Material

SOD was obtained from Sigma (Shanghai, China). NPS (50 nm) and

H2O2 was obtained from Aladdin Reagent (Shanghai, China). KH2PO4

and K2HPO4 (Tianjin Kermel Chemical Reagent Co, Ltd) were used to

prepare buffer solution (Phosphate buffered saline [PBS], pH = 7.4).

Normal melting agarose (NMA) and low melting agarose (LMA) were

purchased from Biowest, Spain. All reagents (analytical grade) were

prepared with ultrapure water (18.25 Ω). Rat hepatocyte suspensions

from 3‐month‐old male mice (C57BL6‐J) were exposed with NPS of

varying concentrations, then maintained in Dulbecco's modified eagle

medium under standard cell culture conditions for 24 hours.
2.2 | SOD activity and inhibition experiments

Xanthine‐xanthine oxidase method was used to determine the activity

of SOD at 550 nm. According to the mechanism, kits (Nanjing

Jiancheng Bioengineering Institute, China) were purchased to give

convenience to the detection. The concentration of NPS were 0, 1,

5, 10, 20, and 30 (×10−6 mol/L), respectively. All the measurements

were carried out at room temperature (298 K) and repeated three

times.
2.3 | UV‐vis absorption spectra

UV‐vis absorption spectra of SOD solution were monitored in the

range of 190 to 430 nm with a spectrometer (UV‐2450, Shimadzu,

Japan). Different concentrations of NPS (0, 1, 5, 10, 20, and 30

[×10−6 mol/L]) were interacted with SOD for 30 minutes at 298 K

and then analyzed by the spectrometer.

2.4 | Circular dichroism spectra

The secondary structure contents of SOD were determined with circu-

lar dichroism (CD; J‐810, Jasco, Japan) equipped with CDPro software

package (http://lamar.colostate.edu/~sreeram/CDPro). Different con-

centrations of NPS (0, 10, and 30 [×10−6 mol/L]) were interacted with

SOD for 30 minutes and then analyzed by the spectrometer. The scan

wavelength, response time, scan rate, and bandwidth were 190 to

260 nm, 1 second, 200 nm/min, and 1 nm, respectively. All the tests

were conducted at 298 K with constant nitrogen flush.

2.5 | Fluorescence measurements

Fluorescence spectra with the emission fluorescence intensities at

λem = 290 to 450 nm and excitation fluorescence intensities at

λex = 280 nm were recorded on a fluorescence spectrophotometer

(F‐4600, Hitachi, Japan) equipped with a 10‐mm quartz cell and a

150‐W xenon lamp. The excitation and emission slit width was set

at 5 nm. Photo multiplier tube voltage and scan speed were set at

700 V and 1200 nm/min, respectively. Time‐resolved fluorescence

measurement (λex = 278 nm and λem = 325 nm) was conducted with

a FLS920 equipped fluorescence lifetime and steady state spectrome-

ter (Edinburgh, UK). Fluorescence quenching includes static and

dynamic quenching, which can be determined with fluorescence life-

time of fluorophore.22,23 Equation can be used for the determination

as follows.22

τ0=τ ¼ F0=F; (1)

where τ0, τ, F0, and F are the fluorescence lifetime of fluorophore and

the fluorescence intensity in the absence and presence of NPS (0, 1, 5,

and 10 [×10−6 mol/L]).

2.6 | Determination of MDA levels in cells

The level of oxidative stress in cells can be reflected by the levels of

malondialdehide (MDA), which is from the degradation product of lipid

peroxidation. Spectrophotometry is used to determine the content of

MDA in cells with NPS (0, 1, 5, and 10 [×10−6 mol/L]) exposure.

Mechnism of the method is as follows. Thiobarbituric acid (TBA) is used

to react with MDA, then a colored MDA‐TBA complex is produced,

which can been detected at 532 nm using a spectrophotometer. Lipid

peroxidation assay kit (Jiancheng Bioengineering Institute, Nanjing,

China) was used to determine the level of MDA in the cell suspensions.

http://lamar.colostate.edu/~sreeram/CDPro
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2.7 | DNA damage assay

Comet assay was used to determine DNA damage level of liver cells

with NPS (0, 1, 5, and 10 [×10−6 mol/L]) exposure. The modified proce-

dures were as follows. The comet slides were made with 0.75% NMA,

then cells (suspended in 1% LMA) were placed on the slides. Lysis solu-

tion (pH = 10) was prepared with 2.5M NaCl, 0.1M Na2 EDTA, 10mM

Tris, 1% Triton X‐100, and 10% DMSO to immersed the slides for

2 hours. Next, DNAdenaturation in cold electrophoresis buffer was car-

ried out for 20 minutes after washing with ultrapure water. Electropho-

resis was then conducted (25 V, 300 mA) for another 20 minutes,

followed by washing for three times with BPS solution (pH = 7.4). Then

it was stained and analyzed using fluorescence microscope (Eclipse Ti,

Nikon, Japan) coupled with charge coupled device (CCD). Camera was

used to analyze the slides after staining with propidium iodide (5 mg/

L, 15 minutes). The level of DNA damage was determined to analyze

the olive tail moment (OTM) of each comet with CASP software. All

experimental stepswere conducted in dark and at 277 K to prevent sec-

ondary DNA damage.
2.8 | Data analysis

Results were presented as the mean of three replicates and reported

as means ± standard deviation (SD). Data were analyzed by one‐way

analysis of variance (ANOVA) with Tukey's multiple comparison test.

P < .05 was considered as statistically significant.
3 | RESULTS AND DISCUSS

3.1 | Activity analysis

SOD plays a key role for keeping the balance between intrinsic antiox-

idant defenses and ROS in cell. The change of SOD activity can gener-
FIGURE 1 Effect of PS on SOD activity. Conditions: NPS
(×10−6 mol/L) 1 to 6: 0, 1, 5, 10, 20, and 30; SOD: 5 × 10−7 mol/L;
pH = 7.4; T = 298 K. Statistical significance vs control group: *P < .05
**P < .01. The values ± standard deviations were estimated from 60
individual cells in every NPS concentration. NPS, Nanopolystyrene;
PS, Polystyrene; SOD, superoxide dismutase

FIGURE 2 UV–vis absorption spectra of SOD in the differen
concentrations of NPS. The inset is a magnified image around the
Soret bands. Conditions: NPS (×10−6 mol/L) 1 to 6: 0, 1, 5, 10, 20, and
30; SOD: 5 × 10−7 mol/L; pH = 7.4; T = 298 K. NPS, nanopolystyrene
SOD, superoxide dismutase

TABLE 1 Fluorescence lifetime of SOD in different concentrations
of NPS

Concentration of

NPS (×10−6 mol/L) Lifetime, ns χ2a

0 2.97 1.026

1 2.96 0.933

5 2.95 0.988

10 2.87 0.972

Abbreviations: NPS, nanopolystyrene; SOD, superoxide dismutase.
aχ2 is the reduced chi‐square, and a χ2 value that approaches 1 indicates a

perfect fit.
,

ally indicate that excessive ROS needs to be eliminated for avoiding

oxidative damage.23,24 As shown in Figure 1, the activity of SOD

increases depending on NPS addition, which suggests that the

increase of ROS concentration induced the increase of SOD activity

to main the balance of intrinsic antioxidant defenses.

3.2 | Mechanism exploration

This study provides evidence that NPS induced oxidative stress

in vitro, but further study is required to clear the mechanism of the

current system more precisely.

3.2.1 | Conformational change of SOD investigated
by UV‐vis

As shown in Figure 2, two main absorption bands of the UV‐vis

absorption spectroscopy were exhibited, which can reflect the struc-

tural change of proteins. The peptide bond π‐π* electronic transi-
t

;
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tions of the peptide backbone can be imaged with the strong

absorption band at around 209 nm.25 The weak absorption band

(around 280 nm) is involved in the microenvironment of aromatic

amino acids (eg, tryptophan and tyrosine).26,27 The strong peak

decreases with concomitant bathochromic shift depending on NPS

exposure dose, which represents a hypochromic effect on SOD

and the π‐π* electronic transition. The weak peak also decreases

without red or blue shift, which represents the change of the micro-

environment of aromatic amino acids. Considering the increase of
FIGURE 3 Fluorescence emission spectra of SOD in the different
concentrations of NPS. λex = 280 nm. Conditions: NPS (×10−6 mol/L)
1 to 6: 0, 1, 5, 10, 20, and 30; SOD: 5 × 10−7 mol/L; pH = 7.4;
T = 298 K. NPS, nanopolystyrene; SOD, superoxide dismutase

IGURE 4 Time‐resolved fluorescence decay profile of SOD induced by NPS. Conditions: NPS (×10−6 mol/L). (A‐D) 0, 1, 5, and 10; SOD:

FIGURE 5 Circular dichroism spectrum of SOD in the different
concentrations of NPS. Conditions: NPS (×10−6 mol/L) a to c: 0, 10,
and 30; SOD: 5 × 10−7 mol/L; pH = 7.4; T = 298 K. NPS,
nanopolystyrene; SOD, superoxide dismutase
F

5 × 10−7 mol/L; pH = 7.4; T = 298 K. NPS, nanopolystyrene; SOD, supero
SOD activity, this conformational changes of SOD is involved in its

activity 1.
xide dismutase
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3.2.2 | Fluorescence quenching of SOD by NPS

The intrinsic fluorescence of SOD is attributed to the aromatic amino

acid residues (tryptophan and tyrosine), when the excitation wave-

length is set at 280 nm. As shown in Figure 3, the fluorescence emis-

sion spectrum of SOD was quenched by NPS exposure. The

mechanisms of fluorescence quenching are usually classified into
FIGURE 7 Representative images of comet assay after 24‐h nanopolystyre
10; pH = 7.4; T = 298 K

TABLE 2 Effect of NPS on the percentage of secondary structure
content in SOD

Molar
Ratio
of
SOD

to PS

Secondary Structure Content in SOD (%)

α‐Helix β‐Sheet β‐Turns Unordered

1:0 10.9 39.5 21.9 26.5

1:10 11.5 38.2 20.3 30.2

1:20 17.6 32.4 14.2 29.8

Abbreviations: NPS, nanopolystyrene; PS, polystyrene; SOD, superoxide

dismutase.

FIGURE 6 Malondialdehyde (MDA) contents in cells in the presence
of nanopolystyrene (NPS). Conditions: NPS (×10−6 mol/L) 1 to 6: 0, 1,
5, 10, 20, and 30; pH = 7.4; T = 298 K. Statistical significance vs
control group: *P < .05. The values ± standard deviations were
estimated
dynamic and static quenching.28,29 In order to determine the

quenching mechanism of SOD caused by NPS exposure, time‐resolved

fluorescence decay profile was analyzed. The time‐resolved decays of

SOD with NPS exposure were determined at λex = 278 nm and

λem = 325 nm. The data fit well by a single variable monoexponential

decay with χ2 values close to 1.0. As shown in Table 1 and Figure 4,

the fluorescence lifetime of SOD shows negligible change with differ-

ent doses of NPS exposure, which indicates that the quenching mode

of SOD fluorescence caused by NPS could be ascribed to the static

type.30
3.2.3 | CD spectroscopy

In order to further understand the possible impact of NPS on the con-

formational changes of SOD, CD is used to investigate the secondary

structure change of SOD. As shown in Figure 5, the characteristic neg-

ative bands (208 nm) of the α‐helix increased in SOD depending on

NPS exposure. The contents of four secondary structures of SOD

were analyzed with CDPro and listed in Table 2. The content of the

α‐helix increases from 10.9% to 17.6%. The content of β‐fold and β‐

turn decreases from 39.5% and 21.9% to 32.4% and 14.2%, respec-

tively. This secondary structure change of SOD could lead to the

change of physiological function.31
3.3 | Analysis of MDA level in cells

The level of MDA, as the main oxidation product of peroxidized poly-

unsaturated fatty acids, can indicate the degree of lipid peroxidation in

the cell. As shown in Figure 6, the level of MDA increases a little with

lower exposure concentrations of NPS but increases significantly

(P < .05) with higher exposure concentrations of NPS at

1 × 10−5 mol/L. The reason can be that antioxidant defense is resistant

to oxidation at low exposure concentrations of NPS, but oxidative

stress occurs at high exposure concentrations of NPS. Besides, the

change trend of intracellular MDA is consistent with the change of

SOD activity, which may be one of the molecular mechanisms

involved in the NPS‐induced cell toxicity.
ne (NPS) treatment. Conditions: NPS (×10−6 mol/L) 1 to 3: 0, 1, 5, and



ABLE 3 Effect of NPS on DNA damage in mice hepatic cells evaluated by comet assay

Concentration, μM Tail Length, μm Tail DNA(%) Tail Moment Olive Tail Moment

0 3 ± 0.0000 0.0140 ± 0.0084 0.0005 ± 0.0000 0.0017 ± 0.0010

5 15 ± 0.6667*** 21.3620 ± 2.8102** 3.2288 ± 0.5757* 3.8330 ± 0.6183*

10 22 ± 0.6667*** 42.1647 ± 6.8672*** 9.2274 ± 1.1936*** 7.7028 ± 1.6123***

ote. n = 3. Data are expressed as mean ± SD.

0.01 < P <0.05 by t test, compared with control group.

*0.001 < P <0.01 by t test, compared with control group.

**P <0.001 by t test, compared with control group.
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3.4 | NPS induced indirect DNA damage

The degree of DNA damage can be determined with comet assay.

Some indicators, such as OTM, head optical density and tail DNA per-

centage, were widely used to reflect the degree of DNA damage.32,33

Therefore, comet assay of cells induced by NPS was carried out under

alkaline conditions. Comet images of live cells exposed to different

concentrations of NPS (0, 5, and 10μM) were shown in Figure 7 and

Table 3 (analyzed with CASP software). It is apparent that cells are

intact without comet tails for the control group presents, while longer

comet tails appear in the experimental groups depending on the expo-

sure concentration of NPS. OTM, head optical density, and tail DNA

percentage increase significantly in NPS exposure groups, shown in

Table 3. Furthermore, OTM and tail DNA(%) can be the most relevant

parameters to probe a dose‐dependent DNA damage level compared

with tail length and tail moment.34
4 | CONCLUSION

The interaction between NPS and SOD induces oxidative stress,

involving in the increase of SOD activity and MDA content, and

DNA damage. Conformational change of SOD occurs with NPS expo-

sure as revealed by UV‐vis absorption and CD spectroscopy studies.

The fluorescence quenching of SOD induced by NPS is attributable

primarily to resonance energy transfer between fluorophore SOD

and NPS. Moreover, comet assay certificated the DNA damage

exposed by NPS because of the increase of OTM, head optical den-

sity, and tail DNA percentage in exposed groups. This study will help

us better understand the human health risks caused by NPS exposure.

The methods used in this paper could also be applied to explore the

molecular mechanisms of other organic pollutants toxicity.
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