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1 Abstract 
 

2 Microplastics (MPs) pollution and its potential environmental risks have drawn 

3 increasing concerns in recent years. Among which, microbeads in personal care and 

4 cosmetic products has becoming an emerging issue for their abundance as well as the 

5 knowledge gaps in their precise environmental behaviors in freshwater. The present 

6 study investigated the sorption process of tetrabromobisphenol A (TBBPA), the most 

7 widely applied and frequently encountered flame retardant in aquatic environments, on 

8 two sources of polyethylene (PE) particles (pristine PE particles and microbeads 

9 isolated from personal care and cosmetic products). Significantly enhanced adsorption 

10 capacity of microbeads was observed with up to 5-folds higher than the pristine PE 

11 particles. The sorption efficiency was also governed by solution pH, especially for the 

12 cosmetic-derived microbeads, indicating the strong adsorption of TBBPA on PE was 

13 dominated by both hydrophobic and electrostatic interactions. Additionally, combined 

14 effects on redox status of zebrafish were evaluated with two environmental relevant 

15 concentrations of PE particles (0.5 and 5 mg L-1) using integrated biomarker response 

16 (IBR) index through a 14-d exposure. Co-exposure induced significant antioxidative 

17 stress than either PE or TBBPA alone when exposed to 0.5 mg L-1 of MPs. After 7-d 

18 depuration, the IBR value for combination treatments [TBBPA+PE (L)] was 3-fold 

19 compared with that in MP-free groups, indicating the coexistence might exert a 

20 prolonged adverse effects on aquatic organisms. These results highlight the probability 

21 of risk from microbead pollution in freshwater, where toxic compounds can be 

22 adsorbed on microbeads in a considerable amount resulting in potential adverse effects 

23 towards aquatic organisms. 

24 
 

25 Keywords: TBBPA; plastic microbeads; flame retardant; adsorption; combined effect; 

26 zebrafish 

27 
 

28 Capsule: Adsorption of flame retardant on cosmetic microbeads was first studied. 

29 Remarkably enhanced sorption capacity on microbeads and redox stress in zebrafish 

30 were observed. 



 

 

31 1.Introduction 
 

32 Plastic debris is recognized as a widespread environmental issue, especially for the 

33 recent concern that degradation from macrosized litter to microplastic or even smaller 

34 particles. Huge amount of microplastic (<5 mm) releasing from various industrial 

35 products and breakdown of plastic wastes is entering global aquatic systems constantly 

36 (Law and Thompson, 2014). Zhang et al. (2015) reported concentrations of 

37 microplastics were up to 13 million particles per km2 in China. Plastic particles 

38 produced for specific usage, (e.g. as abrasive scrubbers et al.), often called primary 

39 MPs, were regarded as a main source of MPs in the environment (GESAMP, 2015). 

40 Primary MPs accounted for 93% of the total MPs application, which are often used as 

41 resin pellets or intentionally added as ingredients of personal care products with size 

42 range of about 5 µm to 1 mm (Rochman et al., 2015). Investigations showed that 

43 wastewater treatment plant (WWTP) effluents are considered as one of the major 

44 pathways for microbeads entering the freshwater environments (Kalčíková et al., 2017). 

45 In Europe and North America, the amount of microplastics transferred every year from 

46 WWTPs via final effluent or sewage sludge to agricultural soils was estimated to be 

47 higher than the total burden of MPs in marine environment (Nizzetto et al., 2016). 

48 About 2.9 trillion microbeads per year are released into aquatic habitats in the United 

49 States via WWTP effluents (Rochman et al., 2015). In China, an estimation of 39 tons 

50 of MPs were emitted into the environment based on the huge amount of personal care 

51 products usage (Lei et al., 2017). With the massive loads of MPs in natural aquatic 

52 environment, many aquatic organisms are expected to endure long-term exposure of 

53 the plastic particles (Wegner et al., 2012). Species across all trophic levels were 

54 bioavailable to MPs due to its small size. Previous studies found invertebrates are 

55 tendency to ingest MPs in laboratory and field studies, resulting in physical damage of 

56 digestive system (Rochman et al., 2013a; Wardrop et al., 2016). In addition, MPs 

57 constitute highly recalcitrant pollutants, acting as a persistent reactive surfaces, 

58 containing additives (e.g. bisphenol A, flame retardants, phthalates, et al.) and/or 

59 absorbing chemical substance, which are also of significant concern for trophic transfer 



 

60 and potential threat to human health (Nelms et al., 2018; Lithner et al., 2011; Jahnke et 

61 al., 2017). 

62 TBBPA, as one of the most commonly used and non-regulated flame retardant 

63 compounds, is applied worldwide in various industries, representing 60% of the market 

64 (Liu et al., 2016). Due to its huge production and application, TBBPA is ubiquitous in 

65 air, dust, soil, water, sediment and sewage sludge, and also frequently detected in 

66 various environmental matrix even in humans (Fijalkowski et al., 2017) with the 

67 concentration up to 4870 ng L-1 in lake water (Yang et al., 2012) and 9750 ng g-1 in 

68 sediment and sewage (Feng et al., 2012). A recent study reported the concentration of 

69 TBBPA was 520 ng L-1 of TBBPA in the surface water and 21.9-0.482 ng g-1 dw was 

70 measured in the sediments of Chao Lake, Anhui province, China and those in seawater 

71 in the coastal intertidal zone of Qingdao, China ranged from nd to 1800 ng L-1 (Gong et 

72 al., 2017). TBBPA is detrimental to a variety of aquatic organisms, with acute toxicity 

73 at concentrations of single mg/L (Canada, 2013; Kuiper et al., 2007). Previous study 

74 also confirmed various toxic effects caused by   TBBPA   exposure, involved 

75 development, reproduction and endocrine disruption in mammals and aquatic 

76 organisms even at very low concentrations (Chen et al., 2016; Kuiper et al., 2007; 

77 Lilienthal et al., 2008; Liu et al., 2019). Recently, TBBPA has been classified to Group 

78 2A due to its potential carcinogenic effect to humans (Yu et al., 2018). 

79 With the growing public support for banning microbeads, legislative actions have 

80 been prompted from multinational companies to regulate the application of microbeads. 

81 However, as there has not yet enough scientific evidence to support banning 

82 microbeads, preventing these particles from becoming an emerging pollution still take 

83 time due to the knowledge gaps in understanding of the precise impact of microbeads 

84 on aquatic ecosystems. As microplastic can serve as vectors for transport of 

85 contaminants, causing additive adverse effects on aquatic ecosystems, the 

86 understanding of co-contamination of microplastic and micropollutants on aquatic 

87 ecosystems are meaningful and deserves further investigation (Wagner et al. 2014). 

88 Given this, the present work, focusing on two types of typical emerging contaminants: 

89 MPs derived from cosmetics and the widely used flame retardant TBBPA, aims to 



 

90 address: (1) the sorption behaviors between isolated microbeads and TBBPA in water 

91 and (2) the potential effects of TBBPA on zebrafish in the presence and absence of 

92 microplastic through a subchronic exposure. The study could be helpful to gain an 

93 insight into the interaction and combined effects of microbeads and TBBPA and 

94 provide a better understanding of the environmental risk of these two co-existing 

95 emerging contaminants. 
96 

97 2. Method and materials 
 

98 2.1 Chemicals and Materials 
 

99 Standard TBBPA (CAS# 79-94-7, purity≥99%) and reference polyethylene (PE) 

100 sphere were procured from Sigma-Aldrich (St.Louis, MO, USA). The average particle 

101 size was measured by a particle size analyzer equipped with Zetasizer Nano ZS90 

102 (Malvern Instruments, UK) of about 100 µm. The test PE particle was derived from 

103 facial cleanser. The isolation procedures were described in Supporting Information. 

104 After isolation, the obtained plastic particles were washed by soaking in methanol 

105 overnight and then dried in an oven at 60℃. The morphologies of derived PE particles 

106 were observed by an Olympus BX51 microscope (Olympus corporation, Japan). The 

107 scan electron microscopy (SEM) images were observed by an Ultra Plus scanning 

108 electron microscopy (Zeiss, Germany). Fourier transform infrared (FT-IR) 

109 spectroscopy were acquired using a Spectrum II spectrophotometer (PerkinElmer, 

110 USA). All solvents were chromatographic grade (Fisher Chemical, USA). Ultrapure 

111 water (18.2 MΩ cm-1) was produced by Milli-Q purification system (Millipore, Milford, 

112 MA, USA). 
113 113 
114 2.2 Sorption experiments and chemical analysis 

 

115 Three PE samples (pristine PS and isolated PE microbead from two brands of 

116 products) were applied to investigate the sorption kinetics using a batch equilibrium 

117 approach. Aliquots of 1 mg plastic particle were added to 100 mL of ultra-pure water. 

118 The obtained concentrations of microplastics were 10 mg L−1. TBBPA was spiked to a 

119 final concentration of 500 µg L−1 based on preliminary experiment. In addition, 0.01 M 



 

120 CaCl2 and 0.02% (w/v) NaN3 were added to maintain the ionic strength of the 

121 suspension and to inhibit microbial degradation. After that, the initial pH was adjusted 

122 to 6 ± 0.2 by HCl and NaOH solution. The mixture solutions were incubated at 30°C 

123 on a thermostat vibration shaker at 150 rpm. Samples were then withdrawn at specific 

124 time intervals (2, 6, 12, 24, 48, 72, 96, 120, 144, 192 and 240 h) and filtered through 

125 0.22 µm filters before instrumental analysis. Control samples spiked with TBBPA but 

126 no microplastics were set up under the same condition to evaluate the procedure loss 

127 during incubation. Each treatment was conducted in triplicate. 

128 Sorption isotherm were conducted at initial concentrations of TBBPA from 100 to 

129 500 µg L−1. An incubation time of 72h was set for the adsorption isotherm study based 

130 on the kinetic results. Samples were conducted in triplicate and collected at the end of 

131 the incubation and TBBPA was then determined by HPLC-MS/MS (API4000, AB 

132 Sciex, USA) in negative mode. 

133 To address the effects of pH on adsorption, initial pH of solution was adjusted to 4, 

134 5, 6, 7, 8, and 9, respectively by diluted NaOH and HCl solutions. Standard solution of 

135 TBBPA  was  added  to  achieve  a  concentration  of  500  µg  L−1.  The  vials  were 

136 equilibrated on a reciprocal shaker for 144 h, and the concentrations of the TBBPA in 

137 aqueous phase were determined when the adsorption reached equilibrium. Detailed 

138 analysis condition was provided in Supporting Information. 
139 139 
140 2.3 Combined effects from subchronic exposure 

 

141 Adult zebrafish (Danio rerio) of wild type (5-month old, weight of 0.45 ± 0.05 g, 

142 and length of 3.6 ± 0.20 cm), were obtained from a local aquarium market in 

143 Guangzhou, China. The fish were maintained in 20-L tanks containing 15-L of aerated 

144 water at 25 ± 1 °C with a photoperiod consisting of 14 h light/10 h dark for 

145 acclimatization over one week before exposure to chemicals. 

146 To investigate the impact of MP absence or presence on the subchronic effect of 

147 TBBPA, the zebrafish were randomly assigned to the following scenarios: single 

148 exposure (TBBPA only and PE only), and combined exposure (TBBPA plus two levels 

149 of PE). The concentration of TBBPA chosen for subchronic exposure was based on the 



 

150 acute toxicity for zebrafish conducted previously according to the OECD 203 

151 Guideline, which was determined to be 300 µg L-1 , 1/5 of the LC50 (96 h) value. PE 

152 was selected for two environmental relevant levels of 0.5 and 5 mg L-1 based on 

153 environment monitoring report. The exposure period lasted for 14 days followed by a 

154 7-day depuration period. Water was renewed once a day during the depuration. Each 

155 tank was equipped with an aeration stone to maintain a constant aeration and an 

156 uniform distribution of the plastic particles in suspension. Eight fish were collected 

157 randomly from each tank on day 7, 14 of the exposure period, and at the end of the 

158 purification period (P 7-d), then frozen immediately under -80℃. Treatments were 

159 conducted in triplicate. During the exposure, the mortality was less than 2%. 
160 160 
161 2.4 Determination of oxidative stress biomarker 

 

162 The sampled fish were rinsed with distilled water before dissection. Liver of 8 fish 

163 from one sample was mixed and homogenized to determine the activity antioxidant 

164 enzymes including glutathione peroxidase (GPx), glutathione reductase (GR), 

165 glutathione S-transferase (GST), activities of Lactate dehydrogenase (LDH) and acid 

166 phosphatase (ACP) as well as the nonenzymatic components, glutathione (GSH) using 

167 commercial enzyme kits (Nanjing Jiancheng Bioengineering Institute, China). Both 

168 GR and GPx are related to glutathione metabolism, which is an important cellular 

169 process responsible for the detoxification of peroxides and electrophilic agents (Pitt et 

170 al., 2018). The GPx is also considered as enzymes of the first line of defense as 

171 superoxide dismutase that directly eliminate reactive oxygen species (ROS). GST is 

172 involved in the biotransformation of xenobiotics, and an induction of GST activity has 

173 been widely used as an environmental biomarker (Oliveira et al., 2009). The reason for 

174 choosing LDH and ACP activity was because LDH plays key roles in the anaerobic 

175 and  aerobic  pathways  of  cellular  energy  production  and  ACP  is  an  important 

176 components of the non-specific immune system (Barboza et al., 2018; Zhou et al., 

177 2018).  Biochemical  analysis  was  performed  by  a  Synergy  HT  microplate  reader 

178 (Bio-Tek Instruments Inc., USA). The GST, GPx and GR activities as well as the Total 

179 GSH content were normalized by the total protein concentration. The integrated 



 

180 biomarker response index (IBR) was applied to give a holistic outline of potential 

181 effects from combined exposure (Beliaeff and Burgeot, 2002). 
182 182 
183 2.5 Data analysis 

 

184 The nonlinear models of pseudo-first-order and pseudo-second-order were used to 

185 fit the sorption kinetics using OriginLab 9.0. Two typical isotherm models including 

186 Langmuir model and Freundlich model were employed. Specific information about 

187 equations was provided in Supporting Information. Statistical analysis was performed 

188 using SPSS 23.0 (PASW Statistics, Chicago, USA). Data for normality and 

189 homogeneity of variance were verified by the Kolmogorov-Smirnov test and Levene's 

190 test. Statistical differences between treated groups and the control group were 

191 discriminated using One-way ANOVA followed by a LSD test at significance level of p 

192 < 0.05. 
 
 

193 3. Results and discussion 
 

194 3.1 Characteristics of the MPs 
 

195 The cosmetic products chosen were produced by major manufacturers, and are 

196 readily available to consumers at a relatively low price (< ¥ 30 per tube). MP particles 

197 recovered from the two facial cleansers were basically composed of white fine powder. 

198 Microscope images showed the MPs were pellet shape but irregular with structured 

199 surface. The size of plastics microbeads in the facial cleanser products ranged from 

200 about 100-400 µm (Fig. 1). Morphology of microbeads was observed by a scanning 

201 electron microscope (SEM) Supra 35VP (Carl Zeiss). The SEM images evidently 

202 showed that the surface of the PE particles was quite rough. Characteristic absorption 

203 bands were observed in the FT-IR spectrogram for the three PE samples (Fig. S2, 

204 Supporting Information). Peaks at 2919 and 2850 cm−1 represented the symmetric and 

205 asymmetric stretching vibration of -CH2- , where 1467 cm−1 assigned to the bending 

206 vibration and 720 cm−1 belonged to -CH2- rocking, respectively. The spectrum of 

207 derived PE microplastic debris showed similar characteristic absorption peaks as the 

208 reference PE, confirming that the majority of particles are made of polyethylene. 



 

209 3.2 Adsorption kinetics 
 

210 The adsorption increased dramatically in the first 24 h, then slowed down. 

211 Adsorption equilibrium was reached within 72 h for all the MP samples (Fig. 2). The 

212 adsorption kinetics was simulated by two typical models of the pseudo-first order 

213 model and pseudo-second order models. From the fitting parameters (Table 1), 

214 pseudo-second order kinetic model showed better applicability with R2 > 0.9, higher 

215 than that from pseudo-one order model. The calculated qe was consistent with the 

216 determined values. These results were similar to previous studies where sorption 

217 kinetics of pharmaceuticals onto PE microplastics (Razanajatovo et al., 2018), tylosin 

218 onto four different microplastics (Guo et al., 2018) and TBBPA onto MIEX resin (Tang 

219 et al., 2014). Accoring to Zhang et al. (2018b), the pseudo-second order kinetic model 

220 could explain the adsorption process in a better way, indicating mass transfer and 

221 intraparticle diffusion involved. 

222 Previous studies observed that the sorption equilibria were reached within 24h for 

223 phenanthrene,di-2-ethylhexyl phthalate and perfluorooctanoic acid on PE and 

224 polyvinyl chloride (PVC) (Bakir et al., 2014). In comparison, longer time were 

225 required for larger microplastics to reach the sorption equilibriums, e.g. those for 

226 naphthalene and phenanthrene on polypropylene (PP) were 21 and 28 days, 

227 respectively, and 63 and 105 days on PE, respectively (Karapanagioti et al., 2010). It 

228 was found the sorption equilibrium time of PCB77 to PP in simulated seawater was 

229 about 8 h (Zhan et al., 2016), while that of PCBs in field measurement could be a few 

230 months (Rochman et al., 2013b). These indicated that the adsorption process could be 

231 affected by many factors, such as microplastic type, size, dosage, as well as the 

232 contaminants concentrations and water condition. The maximum adsorption capacity 

233 of 105 µg g-1 for sulfamethoxazole on PE (mean size of 150 µm) was observed at an 

234 initial concentration of 1 mg/L (Xu et al., 2018b) and 85.5 µg g-1 on PE particles with 

235 similar size (100-150 µm ) for pyrene at an initial concentration of 50 µg L-1 (Wang 

236 and Wang, 2018). In present study, the maximum adsorption capacities for MP particles 

237 from two sources were 2-3 orders of magnitude higher than those reported results using 

238 reference microplastics, which could be attributed to the rough surfaces of the 



 

239 microbeads in personal care and cosmetic products (PCCPs) products that generated a 

240 great much higher specific surface area and micropore area than the pristine particles. 

241 The shape of microbeads also played an important role in adsorption process, where 

242 smooth microbeads were found to adsorb lower amount of POPs than rough ones 

243 (Napper et al., 2015). As microplastics released from PCCPs products could not be 

244 completely removed through sewage treatment process, WWTP effluents could act as a 

245 major source for microbeads entering the freshwater system (Kalčíková et al., 2017), 

246 hence the MPs may have substantial capacity to adsorb or release hazardous chemicals 

247 in the receiving waters and consequently contribute to this environmental risk. 
 
 
 

248 3.3 Adsorption isotherms 
 

249 Isotherms were fitted by non-linearity curves of Langmuir model and Freundlich 

250 model (shown in Fig. 3). Langmuir model usually reflects monolayer sorption driven 

251 by electrostatic force, while Freundlich model represents both multi-layer sorption and 

252 monolayer sorption (Tang et al., 2014). The parameter n in Freundlich model was 

253 surface heterogeneity factor. In present study, the n values were >1, indicating a 

254 favorable adsorption and increasing adsorption capacity with higher initial 

255 concentration of TBBPA. From table 2, the Langmuir isotherm model shows a better fit 

256 compared to the Freundlich model with higher R2 values, which was in agreement with 

257 the adsorption of antibiotics by PP and PE reported by Li et al., (2018). In comparison, 

258 a better fitting by the  Freundlich  isotherm  in  describing the bisphenols  adsorbed  on 

259 PVC microplastics was observed (Wu et al., 2019). Similar findings were also reported 

260 for non-polar organic compounds (PCBs and PAHs) on PE, PS, PA, and PVC (Hüffer 

261 and Hofmann, 2016). Generally, more sorption nonlinearity reflected by a greater n 

262 value indicates a more heterogeneous distribution of sorption sites and the presence of 

263 pore-filling mechanisms in the adsorption process likely resulted from specific 

264 sorbate-sorbent interactions (Zhang et al., 2018a). Given this, in present study, the 

265 mechanism in the adsorption of TBBPA by these PE microbeads might predominant be 

266 the physical adsorption governed by monolayer coverage. In this study, the two PE 



 

267 samples exhibited remarkably elevated sorption affinities, as indicated by the higher Kf. 

268 Significantly enhanced adsorption capacity was observed for qm of 87.26 and 88.13 mg 

269 g-1, respectively compared to the reference PE microplastic (21.43 mg g-1), probably 

270 due to the larger surface area (Abdullah et al., 2009). For TBBPA, comparing with the 

271 adsorption performance of other absorbent materials summarized in Table S1 

272 (Supporting Information), the sorption capacity of cosmetic-derived microbeads in 

273 present study was proved to be considerable. 
 
 
 

274 3.4 Effect of solution pH on sorption 
 

275 The zeta potentials of the tested microplastics were negative within the tested 

276 range of pH (3.0-10.0), and decreased with the increasing of pH (Fig. 4a), indicating 

277 the negatively charged surface of microplastics in the solution. From Fig. 4b. the effect 

278 of pH displayed a similar trend for the tested MPs. The adsorption of TBBPA increased 

279 from 7.23 to 9.73 mg g-1 for pristine PE and from 26.2 to 42.1 mg g-1 for derived 

280 microbeads (means for the two samples), respectively, as firstly increased then 

281 decreased with the increasing pH. The maximum adsorption was observed when 

282 solution pH at 6. Changes in TBBPA adsorption with pH variation are more prominent 

283 for the derived PE microbeads than the reference PE. Similar findings for the sorption 

284 of perfluorooctanesulfonate on PE and PS particles were reported, suggesting the 

285 importance of electrostatic interactions when solution pH varied (Wang et al., 2015). 

286 TBBPA has two acid hydrogens with pKa values of 7.5 and 8.5 (ten Dam et al., 

287 2012). It was protonated at pH < 7.5, and between pH of 7.5 and 8.5, there is mainly 

288 monoanion form. At pH > 8.5, TBBPA will be dissociated and present essentially in the 

289 form of negatively charged ion. Moreover, the pH affects the surface electric potential 

290 of microplastics, and consequently influences the adsorption behavior. From pH of 4.0 

291 to 6.0 (below pKa1 of TBBPA), it was still of benefit to sorption, and probably 

292 attributed to electrostatic attraction between TBBPA and PE at acidic condition, due to 

293 the protonated TBBPA and the decreasing surface potential of PE. When the pH > 7, 

294 the favorable effect from hydrophobic interaction would be inhibited with the 



 

295 decreasing presence of protonated TBBPA, thus decrement of adsorption capacity 

296 occurred due to the electrostatic repulsion between TBBPA and the MPs with 

297 negatively charged surface. Besides, there would be a reduced surface potential and 

298 stability of PE in solution of pH > pKa, which might also restrain the adsorption 

299 process. 

300 Several   studies   confirmed   the   pH   dependence   of   adsorption   process   of 

301 tetracycline (Xu et al., 2018a) and tylosin (Guo et al., 2018) on microplastics. Zhou et 

302 al., (2014) reported MNP and MNP–CTS magnetic hybrid materials had the maximum 

303 adsorption capacities for TBBPA at pH 6.3. As aqueous solubility varies with pH 

304 values, the sorption of TBBPA for the two sources of MPs will be influenced by the 

305 contaminant concentrations and also the environmental factors. What’s worth noting 

306 that, the pH value in wastewater effluents usually in the ranges of 6.5-8 (Park et al., 

307 2016; Zhang et al., 2016; Shimabuku et al.,2016), between which the sorption capacity 

308 of TBBPA on these types of plastic microbeads, e.g. as additives in cosmetics, would 

309 probably exhibit a high level, and consequently to adsorbed and transported into 

310 environment. 
 

311 3.5 Combined effects on redox status of zebrafish and the environmental 
312 implication 

 

313 The comparison between [TBBPA alone] and [PE+TBBPA] shows the different 

314 effects of TBBPA with the absence and presence of MPs. The IBR index could give an 

315 overall outline of multiple biomarkers between the contaminants concentration and 

316 biological response, and would be more reliable with the increasing numbers of target 

317 biomarkers (Damiens et al., 2007; Beliaeff and Burgeot, 2002). The star plot of 

318 intergrated studied biomarkers (T-GSH, GST, GPx, GR, ACP and LDH) at three 

319 sampling points were presented in Fig. 5. It has been reported TBBPA exposure could 

320 lead to oxidative stress, cell apoptosis and developmental disorder in zebrafish 

321 embryos and larvae (Wu et al., 2016). In this work, the alteration of the antioxidants 

322 level reflected by IBR index indicated the elevated oxidative stress in liver of zebrafish. 

323 Significant variation of GSH-related enzymes were observed in PE present groups. 



 

324 Glutathione is a cofactor in GPx reactions, with GST playing a role in preventing 

325 oxidative damage by conjugating the breakdown products of lipid peroxides to GSH, 

326 thus, GSH and GSH-related enzymes have been considered as the second-line defenses 

327 against oxidative damage (Liu et al., 2008; Feng et al., 2013). Moreover, high level of 

328 MPs exposure also caused induction of LDH suggesting increased use of the anaerobic 

329 pathway of energy production likely to get additional energy to face chemical stress. 

330 The maximum degree of disturbance of the hepatic redox status was observed at 

331 the 7th day of exposure. The IBR values of the single TBBPA exposure was 4.3, while 

332 microplastics alone of high level produced the most significant effect (IBR 9.9). Those 

333 for the combination with PE were 9.0 (low level of 0.5 mg L-1) and 5.5 (high level of 5 

334 mg L-1), respectively. The rank of the impacted degree could be ordered as: PE (H) > 

335 TBBPA+PE (L) > TBBPA+PE (H) > TBBPA > PE (L). In present study, MPs alone 

336 also induced significant antioxidative stress in fish liver, in agreement with previous 

337 studies found MPs exposure could result in inflammatory responses and antioxidative 

338 response in zebrafish (Lu et al., 2016). Tissue damage of liver and induction of genes 

339 related to the reproduction were also observed in catfish in exposure to PE (50 or 500 

340 µg/L) (Karami et al., 2016). Yet, the effect sometimes could be transient as parts of 

341 symptoms disappeared after 30 days, indicating an adaptation or recovery probably 

342 taking place from microplastics exposure. Despite this, the effect of microplastics alone 

343 seems controversial. Another study performed on zebrafish larvae exposed to low level 

344 of pristine polyethylene for 10 or 20 days showed no significant effect on the redox 

345 status  as  well  as  the neurological  and  histopathological  biomarkers  (Karami  et al., 

346 2017). This may be dependant on the type and size of MPs as well as exposure level 

347 and traits of the co-contaminants. Between the combined exposure with two levels of 

348 PE, higher IBR  of combination [TBBPA+PE  (L)] indicated more significant effect  on 

349 overall redox status in zebrafish liver were exerted by TBBPA with lower level of PE. 

350 This might be ascribed to the higher amount of TBBPA adsorbed onto the MPs leading 

351 to a relatively lower proportion of dissolved free TBBPA in water. Moreover, the IBR 

352 of combination [TBBPA+PE (L)] (9.9 on 7th d, 4.9 on 14th d and 2.4 on P-7 d) 

353 presented the highest values compared to those treated with only TBBPA (4.3 on 7th d, 



 

354 4.3 on 14th d and 0.8 on P-7 d) or PE (1.3 on 7th d, 3.6 on 14th d and 0.5 on P-7 d) at all 

355 three testing points, suggesting a potential synergistic effect might occur. Similar 

356 findings in previous study revealed, when venlafaxine co-exposed to 50 mg L-1 of PVC, 

357 the contents of SOD in combined treatment increased 3 times compared with those in 

358 MP-free groups (Qu et al., 2019). 

359 After a 7-day depuration, there was a certain degree of detoxication from 

360 compensatory response as decreasing of IBR value occurred in each treatment 

361 compared to the exposure period (Fig. 6). The MPs present groups were still 

362 experiencing a considerable oxidative stress, since the IBR values higher than the 

363 treatment of TBBPA alone, ranking as: PE (H) > TBBPA+PE (L) > TBBPA+PE (H) ≈ 

364 PE (L) > TBBPA. The order was inconsistent with that in exposure period, suggesting 

365 the combined treatments displayed delayed effected to some extent. It is worth noting 

366 that, within a range of environmental relevant concentration, the microplastics 

367 combined with TBBPA may cause unexpected effects compared to either MPs or 

368 micropollutants alone. What’s more, the co-exposure might induce more difficulty for 

369 organisms from getting recovery from imbalance. 

370 Emerging contaminants like flame retardants, together with MPs have been 

371 attracting concern in view of their ubiquity and potential adverse impacts towards 

372 aquatic ecosystems. Previous study revealed abundant release of 

373 hexabromocyclododecanes from expanded polystyrene spherules exposed to the 

374 natural and controlled saline water was observed (Rani et al., 2017). Because it is not 

375 chemically bonded, the TBBPA added in acrylonitrile butadiene styrene (ABS) might 

376 be readily released to the environment (Cruz et al., 2015). Due to the structural 

377 resemblance to the thyroid hormones, concerns have been raised about its potential 

378 adverse effects on endocrine disruption in animals and even humans (Boas et al., 2012). 

379 Thyroid hormones plays a vital role in all vertebrates in their development, growth, and 

380 metabolism as well as neurogenesis and functioning of the brain. Previous studies have 

381 demonstrated the disrupting effects by TBBPA on expression of thyriod-related genes 

382 in zebrafish (Chan and Chan, 2012; Baumann et al., 2016). Moreover, combined 

383 exposure often exhibited enhanced toxic impacts compared to MPs or chemicals alone 



 

384 (Alimi et al., 2018). As plenty of PCCPs containing plastic additives could not 

385 completely removed by wastewater treatments and will eventually enter the water 

386 environment as a primary source of MPs, where they were likely to encounter hundreds 

387 of organic contaminants and produce an alternative pathway for contaminants transport, 

388 causing consequential risks to the ecosystem. 
 
 

389 Conclusions 

390 The present study discussed the interaction between a widely used flame retardant 

391 TBBPA and two types of polyethylene MPs including commercial pristine particles and 

392 plastic microbeads isolated from facial cleanser. Significantly enhanced adsorption 

393 capacity was observed for microbeads with qm of 87.26 and 88.13 mg g-1, respectively 

394 compared to the reference PE microplastic (21.43 mg g-1), confirming plastics 

395 microbeads released from PCCPs could act as an important carrier of contaminants. 

396 The sorption process was governed by both hydrophobic and electrostatic interactions 

397 related to the characteristic of sorbents, such as size, surface morphology, and also to 

398 the solution pH. The adsorbed amount of TBBPA on microbeads increased 1.6-fold as 

399 the solution pH varied from 3.0 to 10.0 and reached the maximum at pH 6.0. 

400 Subchronic exposure of TBBPA with two levels of MPs (0.5 and 5 mg L-1) to zebrafish 

401 suggested that co-exposure induced higher antioxidative stress response than either  PE 

402 or TBBPA alone. After 7-d depuration, the IBR value for combination treatments 

403 [TBBPA+PE (L)] was 3-fold compared with that in MP-free groups, indicating the 

404 coexistence might exert a prolonged adverse effects on aquatic organisms. The results 

405 suggested the role of PE microbeads derived from cosmetic deserves more attention, 

406 especially in wastewater system, where more contaminants would co-exist, and be 

407 adsorbed/desorbed through water cycle, thus contribute to the potential environmental 

408 risk. Further research should be focused on characterizing the toxicology of different 

409 types of MPs taking account of the environmental conditions where they would most 

410 probably occur. 
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Table 2. Isotherms parameters of TBBPA adsorption on MPs. 
 

MPs 

 

Table 1 kinetic parameters of TBBPA adsorption on MP 

MPs 
Kinetic models 

 
 
 
 
 

R2 0.87 0.87 0.90 
 

pseudo-second order  

qe (mg g-1) 9.39 46.15 41.61 
K2 (g mg−1 h−1) 0.01 0.004 0.004 

R2 0.94 0.90 0.93 
 
 
 
 
 
 

Isotherms models  
 

 PE ref PE1 PE2 

Langmuir    

qm (mg g-1) 21.43 87.26 88.13 
KL (L µg−1) 0.035 0.009 0.007 

R2 0.93 0.95 0.93 
Freundlich   

KF (µg1-1/n L1/n mg−1) 2.15 2.21 2.04 
n 2.24 1.60 1.61 

R2 0.91 0.86 0.83 

 PE ref PE1 PE2 

pseudo-first order    

qe (mg g-1) 8.57 44.13 39.66 
K1 (h-1) 0.07 0.09 0.10 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 microscopic morphology (a, c), scanning electron microscopy (SEM) images (b, 
d) of isolated polyethylene particles from two brands of facial cleansers. 

Figures 
 
 
 



 

 

 

Fig 2. The sorption kinetics of TBBPA to three PE samples. 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. The sorption isotherms of TBBPA to PE fitted by Langmuir and Freundlich 
models. 



 

 

 

Fig. 4. Effect of pH on sorption (MPs of 10 mg L-1,TBBPA initial concentration of  

500 μg L-1 ). 



 

 
 
Fig 5. Star plots of IBR of zebrafish exposed to polyethylene and/or TBBPA at 
different sampling occasions. 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Calculated IBR values of all treatments in liver of zebrafish at different 
sampling occasions (7-d means at the 7th day of exposure, 14-d means at the 14th day 
of exposure, P 7-d means at the 7th day of depuration period). 



 

Highlights 
 
 
• Adsorption of flame retardant on cosmetic-derived PE microbeads was first studied. 

• Enhanced sorption capacity was remarkable for cosmetic PE microbeads. 

• Significantly increased redox stress in zebrafish in microplastic present exposure. 

• Combined exposure exerted prolonged effects. 
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