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Abstract 15 

Toxicity effects of silver nanoparticles (AgNPs) on the freshwater bivalve 16 

Corbicula fluminea (C. fluminea) were investigated through experiments. In this study, 17 

C. fluminea promoted the sedimentation of AgNPs and affected the fate and 18 

transformation of AgNPs. A series of biomarkers of C. fluminea in vivo were 19 

evaluated after 14 days exposure to various doses (0-2 mg·L
-1

) of polyvinyl 20 

pyrrolidone (PVP) coated AgNPs. The levels of antioxidants increased obviously in 2 21 

mg·L
-1

 AgNPs treatments to protect C. fluminea from oxidative damage. Glutathione 22 

peroxidase (GPx) and glutathione (GSH) played important roles in tissues 23 

detoxification in 0.1 and 0.5 mg·L
-1

 exposure, respectively. The biological behaviors 24 

(feeding rate, ammonia excretion rate) were inhibited at 0.1 mg·L
-1

, inducted at 0.5 25 

mg·L
-1

, and inhibited again at 2 mg·L
-1 

AgNPs, which indicated that AgNPs 26 

influenced the physiological metabolism of C. fluminea. Ag contents in tissue and 27 

shell of C. fluminea were much higher than blank groups. In addition, in vivo tissues 28 

were more sensitive to low AgNPs concentration compared with shells, indicating that 29 

C. fluminea could be used as a good indicator for AgNPs freshwater pollution. No Ag 30 

was detected in feces probably implying that nanoparticles had long gut retention time 31 

in C. fluminea. Overall, this study reveals the interactions between AgNPs and C. 32 

fluminea and provides important implications about the fate and toxicity of AgNPs in 33 

natural aquatic environment. 34 
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Highlights 37 

 C. fluminea promoted the sedimentation of AgNPs. 38 

 PVP-coated AgNPs induced oxidative stress in C. fluminea. 39 

 C. fluminea could be a good indicator for AgNPs freshwater pollution. 40 

 AgNPs had long gut retention time in C. fluminea.  41 
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1. Introduction 42 

There are many environmental stressors such as heavy metal [1], pesticides [2,3], 43 

drugs [4], atmospheric pollutants [5], fossil energy [6], nanomaterials [7,8], etc. 44 

Among these, engineered nanomaterials bring various benefits for our society due to 45 

their excellent properties. However, the increasing applications of nanomaterials can 46 

cause potential risk to human health and ecosystems [9,10,11]. Therefore, safety 47 

assessments of engineered nanoparticles in the environment has already become a 48 

main issue globally. Silver nanoparticles (AgNPs), one of the most widely used 49 

engineered nanomaterials, have been applied to manufacturing industries including 50 

textiles, chemicals, medical service products, and others, due to their beneficial 51 

properties [12]. Nevertheless, it has been reported that AgNPs could cause negative 52 

effects on environmental biota, such as fungi [13], alga [14], and nematode [15], etc. 53 

The benthic species play a vital role in the structure and function of estuarine and 54 

marine ecosystems [16]. Once AgNPs are released from commodities into aquatic 55 

environment, the aquatic species, especially the benthic organisms, could be at risk 56 

[17]. However, there are many important issues about the toxicity of AgNPs on 57 

benthic organisms that are not well understood. As vital benthic organisms, 58 

filter-feeding bivalves not only play a vital role in the structure and function of marine 59 

and estuarine ecosystems [16], but also can be used as a typical sentinel for 60 

environmental pollutants [18,19]. Some studies focused on the toxicity of AgNPs on 61 

bivalves have been reported. A marine mesocosm study showed that AgNPs induced 62 
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DNA damage and oxidative damage in Scrobicularia plana [20]. AgNPs were also 63 

reported to cause hepatopancreas pathology and the occurrence of early apoptosis of 64 

Mytilus galloprovincialis [21]. However, most studies in China and abroad have 65 

focused on the effects of AgNPs on marine bivalves, and there wasn’t any study about 66 

the influence of AgNPs on freshwater bivalves. Given the disparity among studies 67 

using marine and freshwater species, it is necessary to obtain more information.  68 

Corbicula fluminea (C. fluminea) was chosen as a typical freshwater bivalve for 69 

further understanding the toxicity effect of AgNPs on freshwater bivalves. C. fluminea 70 

is widely distributed in Southern and East Asia. Due to the highly efficient 71 

filter-feeding ability [22], C. fluminea is commonly used in field and laboratory 72 

studies to evaluate effects of toxicity and bioreactivity [23]. Studies have shown that 73 

antioxidant responses [4,24] and biological behaviors [25] in C. fluminea could be 74 

used as biomarkers to evaluate the toxicity of environmental pollutants. 75 

The study aimed at (1) estimating the fate of PVP-coated AgNPs in experimental 76 

systems, (2) investigating the bioaccumulation and toxicity effects of PVP-coated 77 

AgNPs on C. fluminea (physiological behaviors, oxidative stress and antioxidation 78 

mechanism). One pulse treatment of AgNPs was selected, and AgNPs were added 79 

into upper water in order to emulate the scenario of AgNPs water pollution. Bivalves 80 

were treated with PVP-coated AgNPs of different initial concentrations (0, 0.1, 0.5, 81 

and 2 mg·L
-1

 AgNPs). Total Ag concentrations in water were detected throughout the 82 

whole experimental period. Ag accumulation in sediment, Ag bioaccumulation, 83 
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feeding rate, ammonia excretion rate, oxidative damage (LPO levels) and antioxidants 84 

(catalase, glutathione S-transferase, glutathione, superoxide dismutase, and 85 

glutathione peroxidase) were determined after exposure. To our knowledge, this work 86 

is the first report on the toxicity effects of AgNPs on freshwater bivalves C. fluminea. 87 

2. Materials and methods 88 

2.1. Animal collection and culturing 89 

Bivalves were obtained from Heishui River (22°57′56″N, 106°42′19″E) in Jingxi 90 

County, Guangxi Zhuang Autonomous Region (Fig. 1). All specimens with similar 91 

sizes of shell length (22 ± 3 mm) and shell height (12 ± 2 mm) were selected in this 92 

study. After transferring to the laboratory, all selected specimens were acclimated in a 93 

60 L tank containing about 2 cm quartz sand and reverse osmosis (RO) water, for 14 94 

days. Bivalves were fed with about 50 mg fish food every 2-3 days and feeding was 95 

stopped in 2 days before the exposure experiment began. 96 

 97 

Fig. 1. Location of the sampling site. 98 

 99 
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2.2. Preparation and characterization of AgNPs 100 

PVP-coated AgNPs solution was prepared following the method [26] with slight 101 

changes. 8 mL of 0.3% PVP and 24 mL of 150 mM sodium borohydride were added 102 

into an ice bath with vigorous stirring, then 24 mL of 20 mM silver nitrate was added 103 

into the mixture. Three minutes later, the mixed solution continued to stir in ambient 104 

temperature for another 2 h. Dialysis of all particle suspension was conducted using a 105 

1 kDa regenerated cellulose membrane to remove impurities, including excess PVP 106 

and silver ions. After being digested by concentrated nitric acid, the Ag concentration 107 

of PVP-coated AgNPs stock solution was measured by flame atomic absorption 108 

spectrometry (FAAS) (AAS700, PerkinElmer, USA). The hydrodynamic diameter 109 

and zeta potential of AgNPs were determined using a Zetasizer Nanoseries (Malvern 110 

Instruments). The morphology of AgNPs was also visually assessed by a transmission 111 

electron microscopy (TEM) operating at 100 kV. 112 

2.3. Sediment preparation 113 

All natural sediments used in the experiment were collected from Chongming 114 

island. Large debris were removed from sediments. Total organic carbon was 115 

measured by loss-on-ignition method [27]. Briefly, 1.0 g sediment sample was dried 116 

at 105 ºC for 10 h, then weighed and transferred to muffle furnace in order to heat for 117 

8 h to constant weight. Water extracts of carbon (WEOC) was measured with a TOC 118 

analyzer (TOC-VCPH, Shimadzu, Japan), after shaking the sediment-water mixture 119 

for 3 h, followed by centrifugation and filtration.  120 
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2.4. Experimental setup 121 

Whole experimental plastic beakers were acid washed and rinsed repeatedly with 122 

RO water. Natural sediment (200 g wet weight, ww) and 800 mL RO water were 123 

carefully added to each beaker (1000 mL), and then settled for 2 hours. AgNPs stock 124 

solutions were one-off injected into overlying water in order to achieve a series of Ag 125 

nominal concentrations. Two kinds of test groups were set in this experiment: (i) 126 

experimental groups: AgNPs with bivalves: 0, 0.1, 0.5, 2 mg Ag L
-1

, (ii) control 127 

groups: AgNPs without bivalves: 0.1, 0.5, 2 mg Ag L
-1

. Three replicates were used for 128 

each exposure treatment with 6 bivalves per replicate. The chosen concentrations of 129 

AgNPs were related to those used in studying the toxicity of AgNPs on Chironomus 130 

riparius, which clearly showed the toxicity of AgNPs [28]. There was no feeding 131 

during the 14 days experimental period, because natural sediment could provide 132 

enough food for bivalves. All experimental systems were static without water aeration. 133 

The mortality of C. fluminea were checked during the experimental period. 134 

2.5. Quantitative analysis of Ag 135 

2.5.1. Quantification of total silver in the experimental systems 136 

During the 14 days exposure, aliquot water samples near to the water-sediment 137 

interface were taken at specific time intervals (0, 3, 7, 11, and 14 day), and then 138 

digested with nitric acid for FAAS analysis. At the above time intervals, the zeta 139 

potential of upper layer water was determined by dynamic light scattering using a 140 

nanoseries zetasizer (Malvern Instruments). 141 
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Sediment samples were taken at the 14
th

 day and air-dried, sieved (≤ 150 μm), 142 

and then digested with three kinds of acid (nitric acid, hydrofluoric acid and 143 

perchloric acid, 5: 5: 3 v/v/v) through a graphite digester. The digestion solutions 144 

were diluted to constant volume. The Ag concentrations in sediment samples were 145 

also measured by FAAS. 146 

2.5.2. Quantification of total silver in biota 147 

At the 14
th

 day, the whole soft tissues and shells of bivalves were dissected and 148 

frozen at -80 ºC until used. Each soft tissue of bivalves was thawed and charred in a 149 

crucible with hot plate first. Afterwards, crucibles were moved to muffle furnace at 150 

550 ºC for 6 h, cooled at room temperature, and then the ashed samples were digested 151 

with acid solution (nitric acid and hydrochloric acid, 1: 1 v/v). The resulting solutions 152 

were analyzed by FAAS as described above. 153 

The thawed shells were rinsed and then dried at 60 ºC to constant weight. After 154 

that, shells were ground into powder using a mortar and pestle. Then the powder was 155 

acid digested using graphite digester and the obtained digestion solutions were 156 

analyzed by FAAS. 157 

Emptying guts tests were conducted at end of exposure. Tested bivalves of each 158 

group were placed in 100 mL glass beakers containing 100 mL RO water, and then 159 

excreta in the beakers were gathered through low speed centrifugation. The collected 160 

fecal sample of each group was divided into two parts. One of them was used to 161 

determine Ag concentration in feces by FAAS. The other sample was treated with 162 
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freeze-drying and then spray-gold. Fecal morphology and composition were studied 163 

by SEM and EDX analysis. Feces were investigated in a SEM (FEI Quanta 200), 164 

which was operated at an accelerating voltage of 30 kV. The microscope was operated 165 

in scanning mode. Feces were localized and analyzed for their elemental composition, 166 

using an EDX analysis system (EDAX Inc, Mahwah, NJ, USA). 167 

2.6. Behavior test 168 

2.6.1. Filter-feeding test 169 

To understand the effects of PVP-coated AgNPs on C. fluminea, filter-feeding 170 

rates, algal clearing rates assays of bivalves were measured after 14 days exposure. 171 

The blue algae (Microcystis aeruginosa) was cultivated under controlled conditions 172 

(25 ºC, light: dark cycle of 12: 12 h) in BG11 medium, and the chlorophyll a contents 173 

of Microcystis aeruginosa used for this tests was 0.615±0.027 mg·L
-1

. Each 100 mL 174 

beaker was filled with 25 mL RO water and 25 mL algae solution, and one bivalve 175 

was placed into it. The initial chlorophyll a content was determined using the method 176 

described by Hua et al. [29] at the beginning of tests. After 2 h, bivalves were 177 

removed from the beakers, and the contents of chlorophyll a were determined again. 178 

According to the difference in chlorophyll a concentrations, filter-feeding rates were 179 

calculated.  180 

2.6.2. Ammonia excretion test 181 

The ammonia excretion tests were conducted through measurement of ammonia 182 

content after 14 days of exposure. Briefly, each bivalve selected randomly from 183 
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exposure beakers was put into a 100 mL beaker containing 100 mL RO water. After 2 184 

h, the ammonia content of RO water was determined by Nesster's reagent colorimetry 185 

[30]. 186 

2.7. Biochemical markers 187 

2.7.1. Tissue preparation 188 

Bivalves collected at end of experiment were dissected, and then the tissues were 189 

kept at -80 ºC for subsequent analysis. Once thawed, tissues were homogenized in 5 190 

mL of phosphate buffered solution (PBS) (0.1 M, pH = 7.4) and then centrifuged at 191 

10,000 r/min (30 min, 4 ºC). The supernatant fractions were used to determine 192 

Glutathione-S-transferase (GST), Catalase (CAT), Superoxide dismutase (SOD) and 193 

Glutathione peroxidase (GPx) level [31]. 194 

Two selected thawed tissues were treated in different ways to measure LPO and 195 

GSH. Briefly, one of them was homogenized in 5 mL 10% trichloroacetic acid, 196 

followed by centrifugation at 4000 r/min (10 min), and this supernatant was analyzed 197 

for LPO. The other one was homogenized in 5 mL precooled 50 g/L trichloroacetic 198 

acid and then centrifuged at 12,000 g (20 min, 4 ºC), the collected supernatant was 199 

used to measure GSH. 200 

2.7.2. Glutathione-S-transferase 201 

The method determining GST was described in previous study [32]. GST can 202 

catalyze the conjugation of GSH and l-chloro-2, 4-dinitrobenzene (CDNB). The 203 

activity of GST was measured at 340 nm, using 1.25 mM 1-chloro-2, 204 
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4-dinitrobenzene (CDNB, Sigma), 10 mM reduced GSH, and PBS (0.1 M, pH 6.5). 205 

The increase of absorbance in CDNB conjugate was monitored for 5 min 206 

spectrophotometrically, and the unit of GST was defined as 1 nmol CDNB conjugate 207 

per min per mg protein, expressed as U/mg. 208 

2.7.3. Catalase 209 

CAT activity was quantified [33] by measuring the decomposition of hydrogen 210 

peroxide (H2O2) at 240 nm for 1 min in 0.2 mL supernatant, and the definition of one 211 

CAT unit was the enzyme content capable of degrading 1 μmol of H2O2 per min per 212 

mg of protein, expressed as CAT K mg
-1

 protein. 213 

2.7.4. Superoxide dismutase 214 

SOD activity was evaluated according to nitro-blue tetrazolium (NBT) 215 

colorimetric method [33], which measured the inhibitory degree of NBT reduction by 216 

superoxide anion radicals generated by oxidation of reduced riboflavin in aerobic 217 

conditions. Results were expressed as SOD Unit per mg protein (SOD Unit mg
-1

 218 

protein). One SOD activity unit was defined as the amount of enzyme producing 50% 219 

inhibition of NBT per mg protein. 220 

2.7.5. Glutathione peroxidase 221 

The activity of GPx was determined according to the method described by 222 

Martínez et al. [34]. GPx catalyze oxidation of GSH followed by reduction reaction 223 

with peroxide, so xanthous 5-glucosinolates, 2-nitro benzoic acid anions, as the 224 

production of reaction between GSH and 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), 225 
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could be measured spectrophotometrically at 340 nm. According to the calculation of 226 

GSH reduction, the GPx activity was obtained. One GPx activity unit was expressed 227 

as the amount of enzyme inducing 1 μmol decrease of GSH per mg protein. 228 

2.7.6. Lipid peroxidation  229 

LPO was assessed by determining absorbance at 532 nm of resultant (trimethyl 230 

compounds) produced in the reaction between malondialdehyde (MDA) and 231 

thiobarbituric acid in the condition of acidity and high-temperature [34]. Based on the 232 

absorbance, MDA content was calculated. Results were expressed in MDA nmol·g
-1 233 

wet weight (ww). 234 

2.7.7. Glutathione 235 

Prepared supernatant was processed with potassium phosphate buffer (0.1 M, pH 236 

= 7.7). During the oxidation of glutathione by DTNB, 2-nitro-5 thiobenzoic acid is 237 

formed. Absorption can be spectrophotometrically read at 412 nm. The reduced 238 

glutathione concentration was obtained from a reduced glutathione standard curve. 239 

Results were indicated as GSH μmol·g
-1

 wet weight (ww) [34]. 240 

2.7.8. Total protein 241 

The method measuring protein content was referred to that described by 242 

Bradford [35]. On the basis of protein reacting with Coomassie Brilliant Blue G-250 243 

dye, absorbance was read at a wavelength of 595 nm in a spectrophotometer, using 244 

bovine serum albumin as the standard. 245 

 246 

Ac
ce
pt
ed
 M
S



 

15 

 

带格式的: 边框:底端: (无框线)

2.8. Statistical analysis 247 

Each of the assays was processed with statistical analysis. All data is expressed 248 

as the mean ± standard deviation (SD). Significant differences between all tests were 249 

analyzed by using one-way analysis of the variance (ANOVA), and statistical 250 

evaluation of the results was determined by Tukey post hoc test. All the statistical 251 

analyses were performed using the IBM SPSS statistics 19. The results shown in the 252 

figures represent the average of three independent replicate treatments. The significant 253 

level was established at p < 0.05. The different letters (a, b, ab) in Fig. 6 and Fig. 7 254 

represent that there are significant differences between groups. 255 

3. Results and discussion 256 

3.1. Sediment properties 257 

Carbon content of natural sediment in the water extracts was 193.03 ± 8.01 258 

mg·kg
-1

 and the TOC of sediment was 5.60 ± 0.46%. There was no detection of Ag in 259 

the sediment through FAAS analysis. 260 

3.2. Characteristics of AgNPs 261 

The zeta potential and mean hydrodynamic diameter of PVP-coated AgNPs 262 

suspension were measured by dynamic light scattering analysis. Zeta potential of 263 

stock solution was -30.5 ± 3.5 mV. The DLS analysis indicated that the particles in 264 

the moderate dispersed solution had an average diameter of 27.66 ± 0.80 nm. The 265 

particle shape of nanoparticles was characterized by TEM (Fig. 2), and the results 266 

turned out that the nanoparticles were spherical without intense aggregation. 267 

Ac
ce
pt
ed
 M
S



 

16 

 

带格式的: 边框:底端: (无框线)

 268 

Fig. 2. TEM image of the AgNP solution. Scale bar is 20 nm. 269 

3.3. Ag fate in sediment-water systems 270 

During the experimental period, Ag concentration (Fig. 3) and the absolute value 271 

of zeta potential (Fig. 4) in the overlying water presented a decreasing trend. In 272 

experimental groups, it was clear that Ag concentration appeared to plummet two 273 

times during the exposure and the absolute value of zeta potential dropped to the 274 

lowest value on the 3
rd

 day, then increased gradually. While, in control groups, Ag 275 

content no longer decreased and reached equilibrium since the 11
th

 day, and Ag 276 

concentrations were much higher than that in experimental groups. The absolute value 277 

of zeta potential decreased on the 3
rd

 day, increased a bit on the 7
th

 day, and then 278 

continued to decline until the end of experiment. 279 
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 280 

Fig. 3. Concentration of Ag in the upper water after exposure to the four 281 

experimental conditions (0, 0.1, 0.5, and 2 mg·L
-1

 AgNPs). CG, EG represent control 282 

groups, experimental groups respectively. 283 

 284 

Fig. 4. Zeta potential of overlying water after exposure to the seven experimental 285 

conditions (0, 0.1, 0.5, and 2 mg·L
-1

 AgNPs). CG, EG represent control groups, 286 

experimental groups respectively. 287 
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Generally speaking, the fate and transformation of AgNPs in environmental 288 

conditions were influenced by their intrinsic properties, environmental factors (pH, 289 

dissolved oxygen, natural organic matter, and sulfide) etc [13]. A number of recent 290 

studies showed that AgNPs probably underwent oxidative dissolution to release Ag
+
, 291 

adsorption of NOM, reactions with sulfur species or chloride, or aggregation [36]. 292 

In this study, a similar sharp drop in Ag content and absolute value of zeta 293 

potential happened at the 3
rd

 day in both control and experimental groups, indicating 294 

that AgNPs probably settled into sediment. An artificial ecosystem experiment 295 

reported that AgNPs underwent rapid oxidative dissolution at initial 12 h, and then 296 

dissolved silver contents reached a plateau [37]. Thus it could be inferred that AgNPs 297 

probably occurred to aggregation in the form of Ag
+
 complexes or AgNPs aggregates 298 

[38]. The second sharp fall of Ag concentrations and the increase in absolute value of 299 

zeta potential in experimental groups suggest that AgNPs might be settle into 300 

sediment again. The absolute value of zeta potential gradually decreased and Ag 301 

contents no longer decreased in control groups, which demonstrated that the main 302 

transformation form of AgNPs could be oxidative dissolution, thus amounts of 303 

released Ag
+
 existed in the water phase with an increase of cations. Contrasting the 304 

two above-mentioned phenomena, it could be concluded that C. fluminea affected the 305 

fate and transformation of AgNPs and promoted the sedimentation of AgNPs. After 306 

bivalves overcoming the adaptive phase, behaviors of bivalves probably promoted the 307 

movement of AgNPs to sediment. 308 
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The Ag accumulation in the sediment for each treatment in the 14
th

 day was 309 

presented in Fig. 5. In microcosms, various extents of Ag accumulation were observed: 310 

0.383 ± 0.058, 1.648 ± 0.058, and 6.438 ± 0.106 μg·g
-1

 dw sediment for microcosms 311 

contaminated by 0.1, 0.5, and 2 mg·L
-1

 AgNPs, respectively, indicating that Ag 312 

accumulation increased with the increasing concentrations of AgNPs. Majority of Ag 313 

were deposited in sediment, which was consistent with Lowry’s report: AgNPs 314 

injected to mesocosm experiment were mainly gathered in the surface layer of 315 

sediment [38].  316 

 317 

Fig. 5. Ag concentrations in sediment, shell, and tissue after 14 days exposed to 318 

the four experimental conditions (0, 0.1, 0.5, and 2 mg·L
-1

) 319 

3.4 Ag bioaccumulation 320 

As is well known, metals can pose as a serious risk to organisms due to their 321 

bioaccumulation and toxicity [39]. However, bioaccumulation has drawn more 322 

attention for scavenging heavy metal ions [40]. The bioaccumulated Ag content 323 
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possibly depends on exposure concentrations and media conditions, as well as the 324 

difference among species [15,20,41]. Ag concentration in whole soft tissues and shells 325 

were illustrated in Fig. 5. Ag concentration in body burden increased significantly 326 

from 4.475 to 9.064 μg·g
-1

 ww in accordance with exposure concentration. According 327 

to experimental phenomenon, there probably were two ways in which to accumulate 328 

Ag in C. fluminea: (i) siphon uptaking from overlying water after the adaptation 329 

period (ii) siphon uptaking from pore water in sediment after moving into sediment.  330 

Some studies have reported that shells of bivalves could be a sentinel to monitor 331 

environmental pollution, particularly heavy metal pollution [42]. Ag concentration in 332 

shells increased by 3 times in 2 mg·L
-1 

than in 0.1 mg·L
-1

 AgNPs treatments. 333 

Nevertheless, C. fluminea exposed to 0.1 mg·L
-1 

AgNPs had an analogous low Ag 334 

shell burden levels as the blank group. The background Ag concentration in blank 335 

groups were similar with that in Mytilus edulis trossulus [43]. 336 

The partitioning factor (PF, defined as the ratio between the mean metal 337 

concentrations in soft tissues and shells) [44] of AgNPs varied from 1.8 in 0.1 mg·L
-1

 338 

to 1.2 in 0.5 mg·L
-1

. Therefore, the similar concentrations in the soft tissues and shells 339 

indicated that both the shells and soft tissues of C. fluminea could be good indicators 340 

for freshwater AgNPs contamination. There also were differences in Ag content 341 

between in vivo and shells: Ag content of tissue in 0.1 mg/L was almost 3 times more 342 

than that in 0.5 mg/L, while, Ag content of shells in 0.1 mg/L was much less than that 343 

in 0.5 mg/L. Therefore, Ag tend to accumulate in vivo in lower concentrations. On the 344 
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contrary, Ag is more likely to adsorb on shells than store up in tissues with the 345 

increase of Ag initial concentration. The self-protection mechanism of C. fluminea 346 

with closed shell may result in this difference. Hence, in vivo tissue can be a 347 

preferable choice for low concentration contamination due to its high sensitivity, 348 

while, shell is a better indicator for high concentrated AgNPs pollution compared with 349 

tissues. 350 

3.5. Biomarkers responses 351 

In the present research, no mortality was observed at different AgNPs 352 

concentrations after 14 days exposure, indicating that C. fluminea revealed strong 353 

resistance to AgNPs. Based on the data of oxidative stress, it was obvious that AgNPs 354 

caused different damage to bivalves and triggered the responses of antioxidant 355 

mechanism. 356 

Analysis of antioxidants levels and LPO levels in C. fluminea are presented in 357 

Fig. 6 and Fig. 7, respectively. Our study demonstrated that Ag bioaccumulation in C. 358 

fluminea varied among treatments (Fig.5), thus antioxidant mechanism responded 359 

differently. SOD is reported to be the first line of enzymatic defense mechanism, 360 

which can catalyze the chemical transformation of superoxide (O
2−

) into oxygen and 361 

hydrogen peroxide. Nonetheless, the detrimental by-product hydrogen peroxide needs 362 

to be eliminated. CAT plays an important role in the process of the inactivation of 363 

hydrogen peroxide. The obtained results showed the increased activities of SOD and 364 

CAT in 2 mg·L
-1

 groups. These results were in agreement with those found by Buffet 365 
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et al. [45], where oxidative stress was observed in Scrobicularia plana exposed to 366 

copper oxide nanoparticles and there also was an increase in SOD and CAT levels. In 367 

comparison with other experimental groups, the prominent SOD and CAT levels 368 

suggest that the oxidative stress induce overproduction of both radical superoxide and 369 

hydrogen peroxide under higher AgNPs concentration. MDA can be considered as an 370 

indicator of membrane damage from ROS (reactive oxygen species) [46]. Although a 371 

significant Ag bioaccumulation were observed in C. fluminea, there was no lipid 372 

peroxidation observed in 0.1 and 0.5 mg·L
-1

 AgNPs exposure, because lipid 373 

peroxidation possibly happened when the content of reactive oxidants exceeded the 374 

scavenging capacity required by the antioxidant defense [47]. 375 

The metabolism of GSH is crucial to maintain cellular homeostasis and resist 376 

toxicity from hazardous substances and oxidative stress, which can convert into its 377 

oxidized form (GSSG) through oxidation. An increased GSH level is normal reaction 378 

of cell in response to a stressor and the compensation in antioxidant system. GSH 379 

reduction reflect imbalance between antioxidants and oxygen radicals and 380 

consequently induce oxidative stress [48]. The up-regulation of GSH level was 381 

observed for 0.5 mg·L
-1

 treatments, however, no increase in lipid peroxidation, SOD, 382 

CAT, and GST activities were found in 0.5 mg·L
-1

 treatment, probably because of the 383 

occurrence of an adaptive and transient antioxidant response at low bioaccumulation 384 

of AgNPs [47]. GST is involved in Phase II metabolic processes, which can catalyze 385 

the conjugation of the reduced form of GSH to xenobiotic substrates. Furthermore, 386 
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GST plays a protective role in oxidative stress due to peroxidase and isomerase 387 

activities. A distinct increase was observed in GST levels for the bivalves exposed to 388 

the highest concentrations of AgNPs compared to blank groups in the present study, 389 

indicating its protective effect to stress. The biological function of GPx is to protect 390 

organisms from oxidative stress via reducing lipid hydroperoxides to their 391 

corresponding alcohols and reducing free hydrogen peroxide to water. The increase of 392 

GPx activity in 2 mg·L
-1

 AgNPs exposure probably resulted from the reaction to 393 

oxidative damage. However, down-regulated GPx levels were observed in 0.5 mg·L
-1

 394 

treatment. This was likely to associate with increased GSH level, because GPx 395 

catalyze the transformation of GSH into GSSH accompanied by the reduction of 396 

harmful hyperoxides to nontoxic hydroxyl compounds. In 0.1 mg·L
-1

 AgNPs 397 

treatments, a decrease of GPx level was found. The change trend of GPx activities 398 

was similar to the results of GPx activities in meretrix after 15 days exposure to STPs 399 

effluent [49], which confirmed the “Inhibition-Induction” pattern [50]. Ag in vivo 400 

induced the generation of free radicals at low Ag concentration, resulting in the 401 

damage of physiological balance in vivo and significant inhibition of GPx levels. As 402 

Ag concentrations increased, the stress-response system and antioxidant defense 403 

system in vivo were fully activated; so GPx activity increased gradually to remove 404 

excess free radicals and protected the body from oxidative damage. In conclusion, C. 405 

fluminea probably processed specific detoxification mechanisms associated with Ag 406 

or Ag complexes in tissues. GPx and GSH played important roles in tissues 407 
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detoxification in 0.1 and 0.5 mg·L
-1

 AgNPs exposure, respectively. In 2 mg·L
-1

 408 

treatments, the activities of antioxidant enzymes and GSH increased significantly to 409 

relieve toxicity. 410 

 411 

Fig. 6. Effects of PVP-coated AgNPs on CAT (A) and MDA (B) of C. fluminea in 412 

vivo for 14 days. Data is mean and standard deviation based on wet tissue weight. 413 
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 414 

Fig. 7. Effects of PVP-coated AgNPs on SOD (A), GSH (B), GST (C), and GPx (D) 415 

of C. fluminea in vivo for 14 days. Data is mean and standard deviation based on wet 416 

tissue weight. 417 

3.4. Physiological effects 418 

Ammonia excretion and filter-feeding rates have been reported to be sensitive 419 

indicators reflecting the toxicity of heavy metals [24,51,52,53]. As shown in Fig. 8, no 420 

significant difference in ammonia excretion rate was found between the blank and 0.1 421 

mg·L
-1

 experimental groups. Moreover, the ammonia excretion rates of C. fluminea in 422 

0.1 mg·L
-1

 AgNPs were lower than that in 0.5 and 2 mg·L
-1

 AgNPs. There was no 423 

significant difference among the four experimental groups in feeding rates of C. 424 

fluminea (Fig. 8). Ammonia excretion and feeding rates showed similar tendency, 425 
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followed the “Inhibition-Induction-Inhibition” pattern, which was also similar with 426 

the result analyzed by Zeng et al. [54]. When the concentration of AgNPs was below 427 

0.1 mg·L
-1

, the rates of ammonia excretion and feeding decreased slightly. The rates 428 

both increased to maximum, whereas the rates were inhibited again at 2 mg·L
-1

. The 429 

ammonia excretion rates showed a good positive linear correlation with the 430 

filter-feeding rates (Fig.9). This tendency indicated that lower concentration 431 

exposures induced the accumulation of ROS in the body, which resulted in a certain 432 

degree of oxidative damage in cell, while the body antioxidant enzyme defense 433 

system had not yet been activated. This point of view was also proved by the decrease 434 

of GPx level. Thus ROS damaged the structure and function of membrane and led to a 435 

series of physiological and biochemical metabolic disorders. The physiological 436 

metabolism of C. fluminea decreased, which was presented as the slight decrease of 437 

feeding rates and ammonia excretion rates. When the concentration of AgNPs 438 

increased, the antioxidant enzyme defense system produced a large number of 439 

enzymes to eliminate ROS, then protecting the body from oxidative damage and 440 

increasing feeding and excretion capacity. Higher LPO levels at high AgNPs 441 

concentration indicated that cells suffered from more serious damage and the free 442 

radical content exceeded the scavenging capacity of the enzyme system, leading to the 443 

decline in physiological and metabolic functions. 444 
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 445 

Fig. 8. Effects of PVP-coated AgNPs on ammonia excretion rates and feeding rates of 446 

C. fluminea in vivo for 14 days. Data is mean and standard deviation based on wet 447 

tissue weight. 448 

 449 

Fig. 9. Liner correlation of Ammonia excretion rates and feeding rates in C. fluminea. 450 

According to results of FAAS and SEM (Fig. 10), no Ag was found in feces of C. 451 

fluminea, possibly due to the fact that nanoparticles had long gut retention time [55]. 452 

The compositions of feces in different concentrations were obtained by SEM-EDAX. 453 
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These results revealed that the constitution of feces in higher AgNPs concentration 454 

presented more littery than that in 0.1 mg·L
-1

 AgNPs. Calcium was detected in the 455 

feces in 2 mg·L
-1

 AgNPs treatment, while no detection was found in 0.1 mg·L
-1

 AgNP 456 

treatment, which probably indicated AgNPs affected the normal calcium metabolism 457 

in vivo, thus calcium was excreted from the body. Generally, the developed calcium 458 

storage mechanism in vivo is essential to freshwater mollusk, and calcospherite acts as 459 

calcium storehouse and plays an important role in the transport and the dynamic 460 

balance of calcium [56]. However, glycoprotein, a component of calcospherite, tended 461 

to react with metal cations [57]. Glycoprotein probably combined with Ag leading to 462 

the disintegration of calcospherite, and finally, calcium excreted with excretion. 463 

  464 

Fig. 10. SEM-EDX micrographs of feces of C. fluminea following exposure to PVP- 465 

coated AgNPs: (A) 0.1 mg·L
-1

, (B) 2 mg·L
-1

. 466 

5. Conclusions 467 

This study was conducted with freshwater bivalve exposed to PVP-AgNPs. In 468 

this study, C. fluminea facilitated the movement of AgNPs from water to sediment 469 

and affected the fate and transformation of AgNPs. Hence, a large amount of Ag 470 
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accumulated in sediment and posed a threat to benthic organisms. The results revealed 471 

that the bioaccumulation of Ag resulted in oxidative damage and the prohibition of 472 

physiological metabolism in C. fluminea. Different detoxification mechanism was 473 

found in C. fluminea at varied doses of AgNPs. According to AgNPs bioaccumulation 474 

in body and shells, shells are better choice for high AgNPs concentration indicators, 475 

whereas tissues are more sensitive to lower concentration. No Ag was found in feces 476 

of C. fluminea, possibly because AgNPs had longer gut retention time compared to 477 

other substances. Furthermore, high doses of AgNPs probably induced the 478 

disintegration of calcospherite and the loss of calcium. This study furthers the 479 

understanding of the interaction between AgNPs and C. fluminea, providing 480 

meaningful information on the fate and toxicity of AgNPs occurring in natural aquatic 481 

environment.  482 
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