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Abstract 19 

Potential transformations of silver nanoparticles (AgNPs) upon interaction with 20 

naturally ubiquitous organic ligands in aquatic environments influence their transport, 21 

persistence, bioavailability, and subsequent toxicity to organisms. In this study, 22 

differential behaviors of AgNPs and silver ions (Ag
+
) towards cysteine (Cys), an 23 

amino acid representative of thiol ligands that easily coordinate to Ag
+
 and graft to 24 

nanoparticle surfaces, were investigated in the aspects of bioremediation and their 25 

toxicity to Phanerochaete chrysosporium. Total Ag removal, 2,4-dichlorophenol 26 

(2,4-DCP) degradation, extracellular protein secretion, and cellular viability were 27 

enhanced to some extent after supplement of various concentrations of cysteine under 28 

stress of AgNPs and Ag
+
. However, an obvious decrease in total Ag uptake was 29 

observed after 5–50 µM cysteine addition in the groups treated with 10 µM AgNPs 30 

and 1 µM Ag
+
, especially at a Cys:Ag molar ratio of 5. More stabilization in uptake 31 

pattern at this ratio was detected under Ag
+
 exposure than that under AgNP exposure. 32 

Furthermore, in the absence of cysteine, all Ag
+
 treatments stimulated the generation 33 

of reactive oxygen species (ROS) more significantly than high-dose AgNPs did. 34 

However, cysteine supply under AgNP/Ag
+
 stress aggravated ROS levels, albeit 35 

alleviated at 100 µM Ag
+
, indicating that the toxicity profiles of AgNPs and Ag

+
 to P. 36 

chrysosporium could be exacerbated or marginally mitigated by cysteine. The results 37 

obtained were possibly associated with the lability and bioavailability of 38 

AgNP/Ag
+
-cysteine complexes. 39 

Keywords: Cysteine; Silver nanoparticles; Silver ion; Phanerochaete chrysosporium; 40 

Bioremediation; Toxicity   41 
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1. Introduction 42 

Silver-based nanomaterials are one of the most widely used noble metal 43 

nanomaterials due to their relatively low-cost, unique optical, electrical, 44 

photocatalytic, physicochemical, and antimicrobial properties (Siriwardana
 
et al., 45 

2015a; Zhang et al., 2016; Yuan et al., 2016; Zhang et al., 2015). Silver nanoparticles 46 

(AgNPs) have been increasingly applied in numerous fields, such as consumer 47 

products, medical supplies and equipment, water treatment, electrochemical sensing, 48 

and biosensing (Navarro et al., 2008; Kanel et al., 2015; Xu et al., 2012a; Gong et al., 49 

2009; Deng et al., 2013; Zhang et al., 2015). Due to the widespread use of AgNPs, 50 

their inevitable release into the environment leads to the nanoparticles being a source 51 

of dissolved Ag (Xiu et al., 2012), which would cause adverse effects to natural 52 

microbial communities, such as bacteria (Guo et al., 2016a; Priester et al., 2014), 53 

fungi (Guo et al., 2016b; He et al., 2017; Yi et al., 2016), and algae (Navarro et al., 54 

2015), potentially resulting in a significant impact on aqueous ecosystems (Dobias 55 

and Bernier-Latmani, 2013; Chen et al., 2015; Cheng et al., 2016; Tan et al., 2015). 56 

The transport, fate, and ecological implications of AgNPs are largely affected by the 57 

complexity of the aquatic system such as pH, ionic strength, and natural organic 58 

matter (NOM), as well as the properties of nanoparticles (Long et al., 2011; Ellis et al., 59 

2016; Tang et al., 2014). 60 

Given the ubiquity of NOM in aquatic systems, substantial studies have focused 61 

on how organic materials influence the bioavailability and toxicity of AgNPs (Aiken 62 

et al., 2011). For example, organic matters or metal-binding ligands can induce a 63 
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change in surface charges or steric effects of nanomaterials, thus influencing their 64 

adsorption to inorganic surfaces and interaction with biological membranes (Yang et 65 

al., 2014; Wan et al., 2017). Moreover, organic coatings appear to modify the surface 66 

of nanoparticles, causing dispersion or aggregation of AgNPs with implications for 67 

their bioavailability (Wirth et al., 2012; Stoiber et al., 2015). Similarly, AgNP 68 

dissolution will increase dissolved Ag concentration, which in turn affects the 69 

adsorption and desorption kinetics of ligands (Gondikas et al., 2012). Some 70 

sulfhydryl-containing organic compounds such as glutathione, phytochelatins, and 71 

cysteine (Cys) can effectively chelate silver ions (Ag
+
) released from nanomaterials, 72 

resulting in the unavailability of Ag to exposed organisms (Yang et al., 2014). Xiu et 73 

al. (2011) found that the addition of cysteine completely counteracted the toxicity of 74 

Ag
+
 to Escherichia coli (E. coli). Similarly, Guo et al. (2016) explored the strong and 75 

concentration-dependent excitation of cysteine to E. coli cells when 12.5 mg/L 76 

cysteine was added into AgNP suspensions at concentrations of 1.7−5.1 mg/L. 77 

Although it has been suggested that cysteine, a major low-molecular-weight thiol, can 78 

slow down AgNP coagulation, aggravate the dissolution of AgNPs, and induce a 79 

hormesis effect of nanoparticles in a concentration-dependent manner (Xiu et al., 80 

2011; Guo et al., 2016a; Gondikas et al., 2012), studies on the influence of cysteine on 81 

bioremediation of microorganisms exposed to AgNPs are not investigated in detail. 82 

The main goal of this work was to define the effects of thiol-containing ligands 83 

(cysteine) on Ag removal and 2,4-dichlorophenol (2,4-DCP) degradation from aquatic 84 

settings by Phanerochaete chrysosporium (P. chrysosporium) under stress of 85 
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AgNPs/Ag
+
. Cysteine, a thiol containing amino acid with better-defined structure than 86 

humic macromolecules, was selected because of its wide application in toxicity 87 

assessments of AgNPs to infer the bioavailability and effects of dissolved Ag
+
. To 88 

further identify the difference between AgNP- and Ag
+
-induced cytotoxicity during 89 

fungal remediation processes, dissolved Ag
+
 concentration, extracellular protein 90 

content, cellular viability, and reactive oxygen species (ROS) generation were 91 

monitored in the presence and absence of cysteine. 92 

2. Materials and Methods 93 

2.1. AgNP synthesis and characterization 94 

AgNPs coated with citrate were synthesized according to the procedure as 95 

described in our previous publication (Huang et al., 2017; Huang et al., 2018). Briefly, 96 

59.5 mL solution containing 0.6 mM trisodium citrate and 1.8 mM sodium 97 

borohydride (NaBH4, >99% purity, Sigma Aldrich) was prepared with ultrapure water 98 

(18.25 MΩ∙cm) and vigorously stirred under ice bath conditions. And then 0.5 mL 99 

AgNO3 (24 mM) was added into the mixture. After agitation at room temperature for 100 

3 h, the prepared AgNP suspensions were purified by using a 1 kDa regenerated 101 

cellulose membrane to remove the excess reactants, such as trisodium citrate and Ag
+
. 102 

Size (hydrodynamic diameters) and zeta-potential of AgNPs were measured with 103 

dynamic light scattering (DLS) method using a Malvern Zetasizer Nano-ZS (Malvern 104 

Instrument, U.K.). Transmission electron microscopy (TEM, JEOL JEM-3010, 105 

Hitachi Corporation, Japan) sample was prepared via drying out few drops of the 106 

cleaned AgNP suspension onto copper grids coated with a continuous carbon support 107 
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film at room temperature. All chemicals used were at least of analytical reagent grade. 108 

2.2. Microorganism 109 

P. chrysosporium strain BKMF-1767 (CCTCC AF96007), as the model species 110 

of white-rot fungi, was purchased from the China Center for Type Culture Collection 111 

(Wuhan, China) and maintained on potato dextrose agar slants at 4 °C. P. 112 

chrysosporium spore suspension was prepared by gently scraping the spores from the 113 

agar surface into sterile ultrapure water. After the concentration of the spore 114 

suspension being adjusted to 2.0 × 10
6
 CFU/mL, the fungal spore suspensions were 115 

inoculated into the culture medium and cultivated at 37 °C and 150 rpm in an 116 

incubator. 117 

2.3. Effects of incubation period and exposure time 118 

3 mL of spore suspension was added into 500 mL conical flasks containing 200 119 

mL culture medium and cultured under different incubation periods (60 and 72 h). 120 

Then, P. chrysosporium pellets were harvested and rinsed for the succeeding 121 

experiments of exposure time in three ways: (1) the fungi incubated for 72 h were 122 

further exposed to 10 μM AgNPs and 20 mg/L 2,4-DCP for 2 h; (2) the fungi 123 

incubated for 60 h were further treated with AgNPs and 2,4-DCP at the same doses 124 

for 2 h; and (3) the fungi incubated for 60 h were further treated with the same 125 

concentrations of AgNPs and 2,4-DCP for 12 h. After 2 and 12 h of exposure to 126 

AgNPs and 2,4-DCP, aliquot samples were taken at pre-decided intervals (1, 3, 6, 9, 127 

12, 24, 36, 48, 60, 72, 84, 96, and 108 h). Effects of incubation period (60 and 72 h) 128 

and exposure time (2 and 12 h) of P. chrysosporium on bioremediation were assessed 129 
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by determining the performance of total Ag removal and 2,4-DCP degradation, as 130 

well as the dissolution of AgNPs. 131 

2.4. Silver-cysteine complexation experiments 132 

Complexation experiments were carried out to assess potential effects of cysteine 133 

concentrations (5–5000 μM) on 2,4-DCP degradation, total Ag removal, and AgNP 134 

dissolution in the AgNP toxicity experiments. Prior to addition of various 135 

concentrations of cysteine, AgNPs and 2,4-DCP were added to the aqueous solutions 136 

at the initial concentrations of 10 µM and 20 mg/L, respectively. After 137 

pre-equilibration for 10 min (time for reaching equilibrium of silver-cysteine 138 

complexes), the harvested P. chrysosporium pellets, which were cultivated for 3 days 139 

and rinsed several times with 2 mM sodium bicarbonate buffer (Xiu et al., 2012; Xiu 140 

et al., 2011), were added to the mixtures. The samples were taken out at different time 141 

intervals and centrifuged in a centrifuger (TGL20-M, Hukang, China) at 10,000 × g 142 

for 10 min. The supernatants were used for analysis of the residual total Ag, dissolved 143 

Ag
+
, and 2,4-DCP concentrations. Likewise, toxicity response of Ag

+
 (using AgNO3 144 

as Ag
+
 source) in the presence of cysteine was performed in the same conditions 145 

except for the substitution of 10 µM AgNPs with 1 µM AgNO3. Besides, influences of 146 

cysteine on removal and degradation performance of P. chrysosporium were estimated 147 

at high concentrations of AgNPs (60 and 100 µM) and Ag
+
 (30 and 100 µM) with a 148 

Cys:Ag molar ratio of 50. In contrast, the mycelia were also exposed to various 149 

concentrations of AgNPs and Ag
+
 without cysteine to investigate single AgNP or Ag

+
 150 

cytotoxicity. 151 
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2.5. Protein quantification 152 

Alterations in extracellular proteins were determined under different incubation 153 

time, exposure time, and cysteine concentrations in the presence of AgNPs or Ag
+
, 154 

and their contents were quantified by the Coomassie Brilliant Blue method using a 155 

UV-vis spectrophotometer (Model UV-2550, Shimadzu, Japan) at 595 nm (Huang et 156 

al., 2015; Huang et al., 2017). 157 

2.6. Assessment of cell viability 158 

Cell viability assay was carried out by using 159 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) uptake and 160 

reduction according to Chen et al. (2014). MTT, a yellow water-soluble tetrazolium 161 

dye, can be reduced by living cells to a water-insoluble purple formazan. The MTT 162 

conversion occurs only in living cell mitochondria and is directly related to the 163 

number of metabolically viable cells. After exposure to the solutions containing 164 

AgNPs or AgNO3, P. chrysosporium pellets (0.2 g) were added into MTT solution (1 165 

mL; 5 mg/mL). After cultivation of 2 h at 50 °C, the reaction was terminated with the 166 

addition of HCl solution (0.5 mL; 1 M) to the mixture. Then, the MTT-containing 167 

mixture was centrifuged at 4 °C (10,000 × g, 5 min) and the supernatant was decanted. 168 

Subsequently, the pellets were mixed with 6 mL of propan-2-ol under agitation for 2 h 169 

at 25 °C. The absorbance was recorded at 534 nm with a UV-vis spectrophotometer. 170 

In the experiment, the viability of P. chrysosporium was expressed as a percentage 171 

relative to the control (100%; untreated with AgNPs, Ag
+
, 2,4-DCP, or cysteine). 172 

2.7. Measurement of ROS 173 
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Intracellular ROS levels induced under stressed conditions were examined using 174 

the cell permeable indicator, 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA; 175 

Sigma), which was hydrolyzed to the non-fluorescent compound 176 

2',7'-dichlorodihydrofluorescein (H2DCF) by intracellular esterase upon entering the 177 

cells (Chen et al., 2014; Hu et al., 2017). H2DCF would be rapidly oxidized to the 178 

highly fluorescent 2',7'-dichlorofluorescein (DCF) in the presence of the intracellular 179 

ROS. Thus, the DCF fluorescence intensity of the supernatant was measured using a 180 

FluoroMax-4 fluorescence spectrometer (Horiba Scientific, Tokyo, Japan) with 181 

excitation at 485 nm and emission at 525 nm. In the test, P. chrysosporium pellets 182 

were stained in the culture medium containing 5 µM H2DCF-DA for 2 h following 183 

24-h exposure to the indicated concentrations of AgNPs and Ag
+
 with or without 184 

cysteine. The staining medium was then discarded, and the stained cells were rinsed 185 

with phosphate-buffered saline (PBS) three times prior to homogenization and 186 

centrifugation. The fluorescence intensity of DCF indicated the extent of the 187 

intracellular ROS generation. 188 

2.8. Analytical procedure 189 

The removal amounts of Ag and 2,4-DCP from aqueous solutions were 190 

calculated as the differences between the initial concentrations of the added 191 

AgNPs/AgNO3 and 2,4-DCP and the final concentrations of total Ag and 2,4-DCP in 192 

the filtrates. Total Ag concentrations (including AgNPs and Ag
+
) in the solutions were 193 

evaluated by using a flame atomic absorption spectroscopy (FAAS, PerkinElmer 194 

AA700, USA). Prior to the FAAS measurements, the samples were digested with 195 
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HNO3 and H2O2 as previously described (Xiu et al., 2011). Dissolved Ag
+
 196 

concentrations in the stock solutions were determined by filtration of stock solutions 197 

through ultrafiltration centrifuge tube (1 kDa) using an inductively coupled 198 

plasma-optical emission spectrophotometer (ICP-OES, IRIS Intrepid II XSP, Thermo 199 

Electron Corporation, USA). The concentration of 2,4-DCP in the filtrate was 200 

quantitated by using high performance liquid chromatography (Agilent 1100 series 201 

HPLC; Agilent Technologies; Wilmington, DE) as described earlier by our team 202 

(Huang et al., 2015). Briefly, the column temperature was maintained 35 °C with UV 203 

detection at 287 nm. The elution was carried out with an isocratic mobile phase of 204 

acetonitrile/water (80:20, v/v) at a flow rate of 1.0 mL/min. The supernatant was 205 

filtered through a 0.45-μm PVDF membrane syringe filter. 20 μL of the filtrate was 206 

injected into an Agilent Eclipse Zorbax XDB column (150 × 4.6 mm, 5 μm) 207 

proceeded by a C18-type guard column. 208 

Each assay treatment was carried out in triplicate, and all of the data were 209 

presented as the arithmetic mean value with the standard deviation of at least three 210 

individual measurements. The results obtained were analyzed by using Origin Pro 9.0 211 

software (OriginLab, Northampton, MA). Statistical analyses were also performed to 212 

evaluate the statistical differences between the treatment groups during the 213 

experiments with the IBM SPSS statistical software package for Windows, version 214 

19.0 (IBM Corporation, Armonk, New York, USA), according to One-way analysis of 215 

variance (ANOVA) followed by a Student-Newman-Keuls post-hoc test. Differences 216 

at the level of p < 0.05 were considered to be statistically significant. 217 
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3. Results and Discussion 218 

3.1. AgNP characterization 219 

The resulting AgNP suspension (20.01 mg/L) was primarily composed of 220 

spherical particles with an average particle diameter of 13.5 (± 7.6) nm in basis of 221 

TEM observations (Fig. 1). The average hydrodynamic diameter of AgNPs was also 222 

estimated with the value of 22.6 (± 2.5) nm. Inconsistency in size distributions 223 

determined by TEM and DLS methods resulted from their different measurement 224 

principles (Guo et al., 2016a). The zeta-potential of AgNPs showed a negative value 225 

of −11.3 (± 1.7) mV, and the dissolved fractions of AgNP suspensions were found to 226 

be less than 1%. 227 

3.2. Effects of incubation period and exposure time on total Ag removal, AgNP 228 

dissolution, and 2,4-DCP degradation 229 

The effects of incubation period and exposure time on total Ag removal, AgNP 230 

dissolution, and 2,4-DCP degradation by P. chrysosporium are shown in Fig. 2. It can 231 

be seen from Fig. 2a that the maximum removal percentages were 79.17%, 92.5%, 232 

and 100% for 12 h of exposure at the incubation time of 60 h, 2 h of exposure at the 233 

incubation time of 72 and 60 h, respectively. The total Ag removal amounts for 2-h 234 

exposure were greatly higher than those for 12-h exposure after 36−72 h of sampling 235 

time, possibly due to long-term exposure to AgNPs and 2,4-DCP causing chronic 236 

damage and even cell death (Zhou et al., 2018; Chen et al., 2014). As for short-term 237 

exposure (2 h) to AgNPs and 2,4-DCP, a higher total Ag removal was obtained for a 238 

72-h-old cultivation with the maximum removal rate of 100%. It suggested that a 239 
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72-h-old cultivation was greatly beneficial for the growth, reproduction, and 240 

metabolism activity of P. chrysosporium. However, no significant difference in 241 

2,4-DCP degradation was observed when the incubation period of P. chrysosporium 242 

varied in the range of 60–72 h and the exposure time increased from 2 to 12 h (Fig. 243 

2c), which was possibly because a low concentration of 2,4-DCP (20 mg/L) could be 244 

used as carbon and energy sources during the total Ag removal process (Huang et al., 245 

2017; Huang et al., 2015; Liang et al., 2017; Wu et al., 2017). 246 

It is well-known that Ag
+
 ions are released from AgNPs under acidic conditions 247 

through oxidizing the nanoparticles in aqueous solutions exposed to air (Equation 1).248 

O2H  4Ag 4H  O  4Ag 22

0                                         (1) 249 

In addition to dissolved oxygen and pH values of solutions, the release of Ag
+
 was 250 

related to the metabolic state of P. chrysosporium. Fig. 2b shows that different 251 

incubation periods and exposure time lead to obvious difference in the release pattern 252 

of Ag
+
. Maximum concentrations of dissolved Ag

+
 were up to 0.47 and 0.36 µM when 253 

P. chrysosporium was exposed to AgNPs and 2,4-DCP for 2 h at the incubation time 254 

of 60 and 72 h, respectively. However, relatively low levels of Ag
+
 (≤ 1 µM) were 255 

found to enhance the biological activity and fitness of microbe, and stimulate Ag 256 

removal and 2,4-DCP degradation as previously reported (Huang et al., 2017). 257 

Meanwhile, little change in dissolved Ag
+
 levels was observed under 12 h of exposure, 258 

which could be associated with microbial metabolites. For example, extracellular 259 

proteins boosted the repulsive force among nanoparticles through inducing a charge to 260 

the particle surface, and organic acids could block the available binding sites and 261 
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impede the continual leaching of AgNPs after adherence to the surface of 262 

nanoparticles (Zuo et al., 2015). Taken together, the release of Ag
+
 was remarkably 263 

inhibited at a lower level after long-term exposure when compared with that after 264 

short-term exposure. 265 

3.3. Effect of initial cysteine concentration on 2,4-DCP degradation 266 

2,4-DCP degradation was enhanced after the addition of cysteine in AgNP- and 267 

Ag
+
-treated groups, especially in those following high-dose exposure (Fig. 3). At the 268 

low AgNP concentration (e.g. 10 µM), an obvious increase in 2,4-DCP degradation 269 

percentage was observed in the presence of cysteine from 1 to 48 h relative to that 270 

untreated with cysteine (Fig. 3a). Furthermore, it has been previously demonstrated 271 

that Ag-cysteine polymers/particles are expected to be formed particularly at low 272 

ratios of Cys:Ag (≤ 5), without the formation of particulate Ag for a Cys:Ag ratio of 273 

50 (Gondikas et al., 2012). Thus, AgNP/Ag
+
-cysteine mixtures were formulated with 274 

the molar ratio of 50 to impede the formation of Ag-cysteine polymers/particles in this 275 

study. Notably, the supplied cysteine modulated the biodegradation of 2,4-DCP more 276 

effectively at high AgNP concentrations with this ratio. The maximum degradation 277 

rates of 2,4-DCP in 60 and 100 µM AgNP-treated groups increased from 84.8% and 278 

73.4% to 100%, respectively, without and with cysteine. Likewise, an increase of 77.1% 279 

in 2,4-DCP degradation rate was caused by addition of cysteine after exposure to 30 280 

µM Ag
+
 as compared to that under the stress of Ag

+
 alone without cysteine (22.6%), 281 

and for the given Ag
+
 concentrations of 100 µM, the maximum degradation rate of 282 

2,4-DCP in the absence of cysteine was 21.9%, which was also increased to 100% on 283 
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account of the supply of cysteine (Fig. 3b). Cysteine, typically found in natural waters 284 

(e.g., wastewater, surface waters, and sediment porewater) at low levels (nanomolar to 285 

micromolar range), is a very strong metal-complexing agent, capable of preferential 286 

binding of Ag
+
 to the sulfur groups of this organic thiol (Gondikas et al., 2012; He et 287 

al., 2012; Zhang et al., 2004). Moreover, cysteine was been found to have little 288 

influence on cell growth (in section 3.6). It was speculated that formation of 289 

Ag-cysteine complexes could lower the levels of free Ag
+
, inhibit Ag uptake, and 290 

alleviate the overall cytotoxicity of AgNPs and/or Ag
+
 (Navarro et al., 2015), further 291 

improving the biodegradation of 2,4-DCP. However, as for a low Ag
+
 concentration (1 292 

µM), the supplied cysteine of 5 and 50 µM appeared not to distinctly influence 293 

2,4-DCP degradation; even a decrease in 2,4-DCP degradation was obtained when 294 

500 µM cysteine was supplied in the solution. This might be attributed to the 295 

difference in Cys:Ag ratio leading to different bioavailabilities in Ag-cysteine species. 296 

Partial soluble Ag-cysteine species readily taken up by P. chrysosporium probably 297 

resulted in a decline in 2,4-DCP degradation to some extent. 298 

3.4. Effect of initial cysteine concentration on total Ag removal 299 

Cysteine ranging from 5 to 5000 µM resulted in different effects on total Ag 300 

removal under the treatments with AgNPs and Ag
+
 (Fig. 4). Patterns of total Ag 301 

uptake within 24 h were similar to those of 2,4-DCP degradation within 48 h upon 302 

AgNP exposure in the presence of cysteine, showing higher removal rates than those 303 

in the group treated with AgNPs without cysteine (Fig. 4a). A tentative explanation 304 

was that after short-term treatment with cysteine, the zeta-potential of AgNPs could 305 
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be shifted to less negative values, causing more total Ag removal relative to the 306 

treatment without cysteine (Huang et al., 2018; Wang et al., 2016; Eckhardt et al., 307 

2013). Interestingly, a remarkable decline in total Ag removal was detected when 308 

cysteine came into contact with 10-µM AgNP-treated cells for 36 h. Afterwards, total 309 

Ag removal percentage under 500 µM cysteine rapidly increased from 59.2% to 310 

98.3%, which was higher than that under just 10 µM AgNPs (the maximum of 96.1%); 311 

however, there was a substantial reduction in total Ag uptake after supplement of low 312 

concentrations of cysteine (5 and 50 µM), eventually dropping to 48.3% and 39.2%, 313 

respectively, at 72 h. A similar trend as for AgNPs was observed for 1 µM Ag
+
 in total 314 

Ag uptake with cysteine in the range of 5–500 µM (Fig. 4c). Almost complete 315 

removal of total Ag was obtained after exposure to 1 µM Ag
+
 with and without 500 316 

µM cysteine (99.9% and 99.6%, respectively). Nevertheless, a decline in total Ag 317 

uptake was achieved under 1 µM Ag
+
 treatments with 5 and 50 µM cysteine over 12 318 

h. 319 

It should be noted that the total Ag uptake rates under exposure to 10 µM AgNPs 320 

and 1 µM Ag
+
 were both declined after addition of 5 and 50 µM cysteine. The 321 

minimum uptake rates of total Ag under AgNP/Ag
+
 exposure were obtained at a 322 

Cys:Ag ratio of 5, and the changing pattern in total Ag uptake under Ag
+
 exposure 323 

was more stable with higher uptake rates than that under AgNP exposure at this ratio. 324 

The findings implied that a more complex role of cysteine might be played in the 325 

medium including AgNPs in contrast to Ag
+
. It is well-known that cysteine can not 326 

only strongly bind and remobilize Ag
+
, but also influence the aggregation, dissolution, 327 
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and surface charge of AgNPs by adherence onto their surfaces (Gondikas et al., 2012; 328 

Afshinnia et al., 2016; Hu et al., 2016; Navarro et al., 2015). Such processes therefore 329 

potentially resulted in the greater instability in Ag uptake due to the unstable 330 

Ag-cysteine complexes in the context of AgNPs. For example, cysteine at a low 331 

concentration (the Cys:Ag ratio of 0.5) could be only chelated with part of the 332 

dissolved Ag
+
 released from AgNPs to form Ag-cysteine complexes that promoted 333 

AgNP aggregation to certain extent, resulting in a decline in total Ag uptake at this 334 

ratio. When cysteine was added far in excess of Ag concentrations (Cys:Ag ≥ 50), 335 

Ag-cysteine complexes formed with higher coverage of AgNPs/Ag
+
 with cysteine 336 

slowed the dissolution and aggregation of AgNPs. Meanwhile, the complexes might 337 

be directly adsorbed onto the surface of cells and/or penetrated into them, due to the 338 

abundant peptides, polysaccharides, and pigments existing on the hyphae or 339 

micropinocytosis and caveolae-mediated endocytosis (Ren et al., 2017; Xu et al., 340 

2012b; Hu et al., 2017). It was obvious that higher ratios of Cys:Ag led to higher Ag 341 

removal rates. Nevertheless, at a Cys:Ag ratio of 5, it was hypothesized that 342 

Ag-cysteine complexes might be the major sinks driving equilibrium Ag 343 

biopartitioning (Liu et al., 2010). Higher cysteine concentrations than total Ag doses 344 

probably resulted in the following two cases: (1) complexation of cysteine with 345 

dissolved Ag
+
 facilitated the dissolution of nanoparticles (Siriwardana

 
et al., 2015a); 346 

and (2) additional free cysteine molecules were available for interaction with AgNP 347 

surfaces inducing aggregation of the nanomaterials, as previously reported by 348 

Gondikas et al. (2012). These could be the factors that gave rise to the instability of 349 
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total Ag removal. As seen in Fig. 4b, the concentration of dissolved Ag
+
 at the 350 

Cys:AgNPs molar ratio of 5 is indeed significantly enhanced with respect to only 351 

AgNP treatment without cysteine, indicating an enhancement in AgNP dissolution at 352 

this Cys:Ag ratio. However, little change in dissolved Ag
+
 concentrations was 353 

observed at very low levels when the ratios of cysteine to AgNPs were 0.5 and 50. 354 

The observations were in agreement with the findings of total Ag removal in Fig. 4a, 355 

which suggested that total Ag removal was closely related to the ratios of Cys:Ag. 356 

Additionally, the influence of cysteine on total Ag removal was also investigated 357 

at high concentrations of AgNPs and Ag
+
 with a Cys:Ag ratio of 50 (Fig. 4d). In the 358 

absence of cysteine, maximum removal percentages of total Ag were 76.3%, 28.5%, 359 

94.2%, and 37.3% under the treatments with 30 and 100 µM Ag
+
, 60 and 100 µM 360 

AgNPs, respectively, suggesting that Ag
+
 exerted a more potent toxic effect on P. 361 

chrysosporium than AgNP did on basis of total silver concentration. However, the 362 

total Ag removal rates reached almost 100% upon the addition of cysteine for 1 h, and 363 

slightly increased at 3 and 6 h. Although the supplied cysteine induced a substantial 364 

increase in total Ag removal, especially at high concentrations of Ag
+
 and AgNPs, the 365 

contribution of Ag
+
 versus the AgNPs themselves to higher toxicity of AgNPs to fungi 366 

was not discerned during this process. Consequently, influences of cysteine on 367 

extracellular protein secretion, cellular viability, and ROS generation were 368 

investigated under AgNP and Ag
+
 exposure in the following sections. 369 

3.5. Effect of cysteine on extracellular protein content 370 
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Our previous study has demonstrated that the toxic effects of AgNPs/Ag
+
 may be 371 

related to their interactions with proteins (Huang et al., 2015; Zuo et al., 2015). In the 372 

present study, the contents of extracellular proteins secreted by P. chrysosporium 373 

increased within 12 h and subsequently decreased with sampling time to some extent 374 

under treatments of 10 µM AgNPs or 1 µM Ag
+
 with 20 mg/L 2,4-DCP (Tables 1-3). 375 

In terms of exposure time, the concentrations of extracellular proteins secreted for 12 376 

h of exposure were generally higher than those for 2-h exposure (Table 1). Coupled 377 

with the changes in extracellular protein contents during various exposure time and 378 

sampling time, it was assumed that short-term contact with AgNPs and 2,4-DCP 379 

(within 12 h of exposure time and sampling time) probably induced up-regulation of 380 

protein contents in response to adverse environmental factors, whereas the decline in 381 

protein secretion after further contact for 24–72 h could be explained by the 382 

disturbance of chronic damage in the biosynthesis of proteins (Chen et al., 2014; 383 

Khojasteh et al., 2016). Another possibility for the decrease in extracellular protein 384 

content was that these proteins might subsequently be utilized as nitrogen sources by 385 

P. chrysosporium pellets to enhance their biological activity, further facilitating Ag 386 

removal and 2,4-DCP degradation (Huang et al., 2017; Huang et al., 2015). Similar 387 

phenomena on the reduction of extracellular protein secretion were observed in Tables 388 

2 and 3 after long-term contact with AgNPs and Ag
+
 in the presence of cysteine. 389 

Besides, the maximum content of extracellular protein (86.73 µg/mL) related to 390 

different incubation time was obtained when P. chrysosporium cells were exposed to 391 

AgNPs and 2,4-DCP for 2 h at the incubation time of 72 h. This demonstrated that 392 
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72-h incubation was instructive for fungal colonization, further greatly improving the 393 

removal of toxicants, which was in accordance with the results in Fig. 2a. 394 

On the basis of investigations on influence of varying concentrations of cysteine 395 

on the secretion of extracellular proteins under the stress of AgNPs, it was found that 396 

the significant increments in extracellular protein production were induced by various 397 

cysteine concentrations (5, 50, and 500 μM) in the first 12 h, up to 80.79, 79.48, and 398 

79.44 μg/mL, respectively, which were higher than that induced by AgNPs alone with 399 

the maximum of 75.36 μg/mL (Table 2). The similarity of alteration in the 400 

concentrations of extracellular proteins secreted was observed under Ag
+
 stress in the 401 

presence and absence of cysteine (Table 3). Stimulation of cysteine on extracellular 402 

protein production within 12 h could be closely related to the potential association of 403 

reactivity of Ag
+
 and AgNPs themselves with the added cysteine (Siriwardana et al., 404 

2015b). AgNP/Ag
+
-cysteine complex formation avoided the direct contact of 405 

AgNPs/Ag
+
 with extracellular proteins, whereas lack of cysteine caused interplay of 406 

AgNPs/Ag
+
 with extracellular fungal proteins via chemical cross-linking or 407 

electrostatic force of attraction, leading to some conformational changes of the 408 

proteins (Navarro et al., 2015; Khan et al., 2011). These could also be the cause of the 409 

observed higher concentrations of extracellular proteins under AgNP/Ag
+
 stress with 410 

cysteine at 1–12 h than those without cysteine. Another factor may be the higher cell 411 

densities stimulated by cysteine treatment (further explained in Section 3.6), which 412 

may contribute to greater secretion of extracellular proteins (Khojasteh et al., 2016). 413 

However, extracellular protein secretion in concentration-response curves over 414 
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sampling time (24–72 h) showed an opposite trend, with slightly higher values for the 415 

samples without addition of cysteine than those with cysteine supply. Although upon 416 

cysteine addition, the formation of AgNPs/Ag
+
-cysteine complexes occurred, the 417 

structure and conformation of the complexes may change with exposure time during 418 

the process of metabolism of P. chrysosporium, which possibly depressed the 419 

secretion of extracellular protein (Siriwardana et al., 2015b). Furthermore, there is no 420 

obvious dependence between the impacts of cysteine on extracellular protein contents 421 

and the Cys:Ag ratios. 422 

3.6. Action of cysteine on cellular viability
 

423 

For further discerning the cytotoxicity of AgNPs versus Ag
+
, impacts of cysteine 424 

on the viability of P. chrysosporium were investigated following exposure to AgNPs 425 

and Ag
+
 with various concentrations of cysteine (0–50 mM) for 24 h. Results showed 426 

that cysteine enhanced the stimulatory effects of AgNPs and Ag
+
 on P. chrysosporium 427 

cells to some extent (Fig. 5). As shown in Fig. 5a, cysteine addition resulted in a 428 

significant enhancement in cellular viability of P. chrysosporium under high-dose 429 

AgNP stress (60 and 100 µM) relative to the groups treated with AgNPs alone, while 430 

an insignificant difference in cellular viability was observed between the control, the 431 

just cysteine groups, and the 10 µM AgNP-treated groups with and without cysteine. 432 

In contrast, in the presence of 1 µM Ag
+
, cellular viability was significantly 433 

stimulated when cysteine was administered at the concentrations of 50 and 500 µM 434 

(28.8% and 25.8% higher than that of the just 1-µM Ag
+
-treated cells, respectively) 435 

(Fig. 5b). However, further increase in Ag
+
 concentrations (≥ 10 µM) caused obvious 436 
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toxic effects on P. chrysosporium in a concentration-dependent manner, leading to cell 437 

death with approximately 41.0%, 71.5%, and 78.6% of the total cells at Ag
+
 438 

concentrations of 10 µM, 1, and 10 mM, respectively, in the absence of cysteine. 439 

Some studies indicate that cysteine can isolate the effect of AgNPs and decrease Ag
+
 440 

availability (Navarro et al., 2008; Xiu et al., 2011), dramatically decrease the 441 

inhibitory effects of Ag
+
 in a concentration-dependent manner, and even completely 442 

mitigate the toxicity of AgNPs and Ag
+
 (He et al., 2012). In marked contrast to these 443 

studies, cysteine addition in the range of 5–500 µM appeared not to effectively 444 

modulate the microbicidal properties of Ag
+
 at 10 µM, 1, and 10 mM with the 445 

maximum increases in cellular viability of 10.6%, 14.9%, and 11.4%, respectively, in 446 

comparison with those without cysteine. It was hypothesized that the deleterious 447 

effects of Ag
+
 on P. chrysosporium in the presence of cysteine were likely due to 448 

limited binding of Ag
+
 by cysteine under these conditions, or that the cysteine-bound 449 

Ag species could be sufficiently labile for Ag
+
 release, resulting in Ag

+
 still being 450 

bioavailable and readily taken up by this fungus (Luoma et al., 2016; Fabrega et al., 451 

2009). These results were consistent with those for the marginally mitigating 452 

influence of cysteine addition on Ag
+
 toxicity to phytoplankton as previously reported 453 

(Lodeiro et al., 2017). 454 

3.7. Effect of cysteine on ROS levels 455 

Substantial studies point out that the mechanism underlying AgNP-induced toxic 456 

effects and the antibacterial activity of Ag
+
 ions are strongly associated with ROS 457 

generation (Huang et al., 2016; Massarsky et al., 2014; Li et al., 2016; Zhu et al., 458 
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2016), and that cysteine can coordinate with Ag
+
 resulting in a reduction in Ag 459 

bioavailability and the toxicity of AgNPs and Ag
+
 (He et al., 2012; Luoma et al., 460 

2016). Thus, the impacts of cysteine on oxidative stress induced by AgNPs and Ag
+
 461 

were examined in the present work (Fig. 6). In the absence of cysteine, the generation 462 

of ROS was significantly stimulated by 1 µM Ag
+

 and 10 µM AgNPs with respect to 463 

the control, but depressed with a further increase in the concentrations of Ag
+

 and 464 

AgNPs to 10 and 100 µM, respectively. It has been documented that the formation of 465 

ROS as a natural byproduct occurs during aerobic metabolism in the mitochondria 466 

(Chen et al., 2014). The stimulatory induction of ROS in cells at lower doses of Ag
+

 467 

and AgNPs could be attributed to the fact that the formed ROS were detectable before 468 

the toxic effects of AgNPs/Ag
+
 on mitochondrial functions. On further increasing the 469 

AgNP/Ag
+
 concentrations, however, antioxidant defense systems of P. chrysosporium 470 

cells would be activated against oxidative damage, leading to ROS scavenging. 471 

Similar results were observed under cadmium stress (Chen et al., 2014). 472 

Interestingly, an obvious increasing tendency in ROS generation in a 473 

concentration-dependent manner was observed again following the exposure to higher 474 

concentrations of Ag
+
 alone (10–100 µM) relative to the control. Exposure of P. 475 

chrysosporium cells to single 100 µM Ag
+
 caused the maximum increase in ROS 476 

production, approximately 44-fold higher than that of the control. The results 477 

suggested that higher Ag
+
 concentration exposure evoked overproduction of ROS, 478 

eventually resulting in oxidative stress. More surprisingly, cysteine addition elicited a 479 

dramatical increase in the ROS level for the samples exposed to 30 µM Ag
+

 and 100 480 
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µM AgNPs. Although the production of ROS was significantly decreased with the 481 

addition of 5.0 mM cysteine in the case of cells treated with 100 µM Ag
+
 as compare 482 

to that without cysteine, higher level of ROS production was still obtained. The 483 

phenomena reflected that the supplied cysteine led to acceleration or slight mitigation 484 

in ROS formation under high AgNP/Ag
+
 concentrations. It was most likely implicated 485 

in the bioavailability of Ag-cysteine complexes, which might be readily taken up into 486 

cells, causing irreparable metabolic dysfunction and cell death (Lodeiro et al., 2017). 487 

The observations were in line with the cellular viability analysis in the presence of 488 

cysteine as shown in Fig. 5b. We have no knowledge of direct evidence for lability 489 

and bioavailability of AgNPs/Ag
+
-cysteine complexes and further explorations are 490 

underway to identify the possible mechanisms involved in bioavailability and 491 

contribution of Ag-cysteine complexes to AgNP toxicity towards microbes. 492 

4. Conclusion 493 

In addition to enhancement in bioremediation, extracellular protein secretion, 494 

and cellular viability, cysteine led to a decrease in total Ag uptake upon exposure to 495 

low concentrations of AgNPs and Ag
+
, especially at a Cys:Ag ratio of 5. More 496 

instability in the changing pattern of Ag uptake was observed under stress of AgNPs 497 

than Ag
+
 at this ratio. On the other hand, ROS levels were significantly stimulated by 498 

AgNPs and Ag
+
 in the absence of cysteine, except for the case under high-dose AgNP 499 

treatment. After cysteine supplement, prominent stimulatory or marginally alleviatory 500 

effects on ROS generation were achieved. Collectively, AgNP/Ag
+
-induced toxicity to 501 

P. chrysosporium was enhanced or only marginally mitigated by cysteine, which 502 
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could be associated with the Cys:Ag ratio and the reactivity of cysteine with 503 

AgNPs/Ag
+
. The insights in this work provide the evidence of no general mechanism 504 

for interactions of thiols with AgNPs/Ag
+
 and have important implications for 505 

enhancing understanding of antimicrobial applications and ecotoxicology of AgNPs in 506 

natural aquatic systems enriched with organothiols. 507 
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