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Abstract

Potential transformations of silver nanoparticles (AgNPs) upon interaction with
naturally ubiquitous organic ligands in aquatic environments influence their transport,
persistence, bioavailability, and subsequent toxicity to organisms. In this study,
differential behaviors of AgNPs and silver ions (Ag") towards cysteine (Cys), an
amino acid representative of thiol ligands that easily coordinate to Ag" and graft to
nanoparticle surfaces, were investigated in the aspects of bioremediation and their
toxicity to Phanerochaete chrysosporium. Total Ag removal, 2,4zgdichlorophenol
(2,4-DCP) degradation, extracellular protein secretion, ang ceNWar vigpility were

enhanced to some extent after supplement of variogg concentrasons of cysteine under

stress of AgNPs and Ag”. However, an obvious ded total Ag uptake was
observed after 5-50 UM cysteine additiof th ps treated with 10 M AgNPs
and 1 M Ag”, especially at a Cys: r ratio of 5. More stabilization in uptake
pattern at this ratio was dete deJ AJ" exposure than that under AgNP exposure.
Furthermore, in the abgnCe steine, all Ag" treatments stimulated the generation
of reactive oxygen (ROS) more significantly than high-dose AgNPs did.
However, cysteine supply under AgNP/Ag” stress aggravated ROS levels, albeit
alleviated at 100 M Ag”, indicating that the toxicity profiles of AgNPs and Ag” to P.
chrysosporium could be exacerbated or marginally mitigated by cysteine. The results
obtained were possibly associated with the lability and bioavailability of
AgNP/Ag*-cysteine complexes.

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

Bioremediation; Toxicity
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1. Introduction

Silver-based nanomaterials are one of the most widely used noble metal
nanomaterials due to their relatively low-cost, unique optical, electrical,
photocatalytic, physicochemical, and antimicrobial properties (Siriwardanacet al.,
2015a; Zhang et al., 2016; Yuan et al., 2016; Zhang et al., 2015). Silver nanoparticles
(AgNPs) have been increasingly applied in numerous fields, such as consumer

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

and biosensing (Navarro et al., 2008; Kanel et al., 2015; Xu et a; Gong et al.,
2009; Deng et al., 2013; Zhang et al., 2015). Due to the wi use of AgNPs,
their inevitable release into the environment leads nanoparticles being a source

of dissolved Ag (Xiu et al., 2012), which WOU@ verse effects to natural

microbial communities, such as bacterja ( ., 2016a; Priester et al., 2014),

fungi (Guo et al., 2016b; He et et al., 2016), and algae (Navarro et al.,
2015), potentially resulting a sggnificant impact on aqueous ecosystems (Dobias
and Bernier-Latn@s @hen etal., 2015; Cheng et al., 2016; Tan et al., 2015).
The transport, fate, ;d ecological implications of AgNPs are largely affected by the
complexity of the aquatic system such as pH, ionic strength, and natural organic
matter (NOM), as well as the properties of nanoparticles (Long et al., 2011; Ellis et al.,
2016; Tang et al., 2014).

Given the ubiquity of NOM in aquatic systems, substantial studies have focused
on how organic materials influence the bioavailability and toxicity of AgNPs (Aiken
etal., 2011). For example, organic matters or metal-binding ligands can induce a
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change in surface charges or steric effects of nanomaterials, thus influencing their
adsorption to inorganic surfaces and interaction with biological membranes (Yang et
al., 2014; Wan et al., 2017). Moreover, organic coatings appear to modify the surface
of nanoparticles, causing dispersion or aggregation of AgNPs with implications for
their bioavailability (Wirth et al., 2012; Stoiber et al., 2015). Similarly, AQNP
dissolution will increase dissolved Ag concentration, which in turn affects the
adsorption and desorption kinetics of ligands (Gondikas et al., 2012). Some
sulfhydryl-containing organic compounds such as glutathion elatins, and
cysteine (Cys) can effectively chelate silver ions (Ag") rele nanomaterials,
resulting in the unavailability of Ag to exposed org s (Yang et al., 2014). Xiu et

al. (2011) found that the addition of cysteine e[ counteracted the toxicity of

Ag" to Escherichia coli (E. coli). Simi t al. (2016) explored the strong and

concentration-dependent excitatj

cysteine was added into Ag@

Although it has S d that cysteine, a major low-molecular-weight thiol, can

ine to E. coli cells when 12.5 mg/L
pensions at concentrations of 1.7-5.1 mg/L.
slow down AgNP cofgulation, aggravate the dissolution of AgNPs, and induce a
hormesis effect of nanoparticles in a concentration-dependent manner (Xiu et al.,
2011; Guo et al., 2016a; Gondikas et al., 2012), studies on the influence of cysteine on
bioremediation of microorganisms exposed to AgNPs are not investigated in detail.

The main goal of this work was to define the effects of thiol-containing ligands
(cysteine) on Ag removal and 2,4-dichlorophenol (2,4-DCP) degradation from aquatic
settings by Phanerochaete chrysosporium (P. chrysosporium) under stress of

4



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

AgNPs/Ag". Cysteine, a thiol containing amino acid with better-defined structure than
humic macromolecules, was selected because of its wide application in toxicity
assessments of AgNPs to infer the bioavailability and effects of dissolved Ag*. To
further identify the difference between AgNP- and Ag*-induced cytotoxicity during
fungal remediation processes, dissolved Ag* concentration, extracellular protein
content, cellular viability, and reactive oxygen species (ROS) generation were
monitored in the presence and absence of cysteine.

2. Materials and Methods %

2.1. AgNP synthesis and characterization

AgNPs coated with citrate were synthesized a ing to the procedure as

described in our previous publication (Huang ; Huang et al., 2018). Briefly,
59.5 mL solution containing 0.6 mM tgso trate and 1.8 mM sodium
borohydride (NaBH,4, >99% purj i Idrich) was prepared with ultrapure water
(18.25 MQ-cm) and vigoro%rred under ice bath conditions. And then 0.5 mL
AgNO; (24 mM a nto the mixture. After agitation at room temperature for
3 h, the prepared AgNIP suspensions were purified by using a 1 kDa regenerated
cellulose membrane to remove the excess reactants, such as trisodium citrate and Ag".
Size (hydrodynamic diameters) and zeta-potential of AgQNPs were measured with
dynamic light scattering (DLS) method using a Malvern Zetasizer Nano-ZS (Malvern
Instrument, U.K.). Transmission electron microscopy (TEM, JEOL JEM-3010,
Hitachi Corporation, Japan) sample was prepared via drying out few drops of the

cleaned AgNP suspension onto copper grids coated with a continuous carbon support
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108  film at room temperature. All chemicals used were at least of analytical reagent grade.
109  2.2. Microorganism

110 P. chrysosporium strain BKMF-1767 (CCTCC AF96007), as the model species
111 of white-rot fungi, was purchased from the China Center for Type Culture Collection
112 (Wuhan, China) and maintained on potato dextrose agar slants at 4 <C. P.

113 chrysosporium spore suspension was prepared by gently scraping the spores from the
114  agar surface into sterile ultrapure water. After the concentration of the spore

115  suspension being adjusted to 2.0 x10° CFU/mL, the fungal s nsions were
116  inoculated into the culture medium and cultivated at 37 C rpm in an

117  incubator.

118  2.3. Effects of incubation period and exposure@

119 3 mL of spore suspension was ad &0 mL conical flasks containing 200

% erent incubation periods (60 and 72 h).

121 Then, P. chrysosporium pel@re harvested and rinsed for the succeeding

120  mL culture medium and culture
122 experiments of e UMNLE in three ways: (1) the fungi incubated for 72 h were
123 further exposed to 1§uM AgNPs and 20 mg/L 2,4-DCP for 2 h; (2) the fungi

124  incubated for 60 h were further treated with AgNPs and 2,4-DCP at the same doses
125  for 2 h; and (3) the fungi incubated for 60 h were further treated with the same

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

127  AgNPs and 2,4-DCP, aliquot samples were taken at pre-decided intervals (1, 3, 6, 9,
128 12, 24, 36, 48, 60, 72, 84, 96, and 108 h). Effects of incubation period (60 and 72 h)
129  and exposure time (2 and 12 h) of P. chrysosporium on bioremediation were assessed
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by determining the performance of total Ag removal and 2,4-DCP degradation, as
well as the dissolution of AgNPs.
2.4. Silver-cysteine complexation experiments

Complexation experiments were carried out to assess potential effects of cysteine
concentrations (5-5000 uM) on 2,4-DCP degradation, total Ag removal, and AgNP
dissolution in the AgNP toxicity experiments. Prior to addition of various
concentrations of cysteine, AgNPs and 2,4-DCP were added to the aqueous solutions
at the initial concentrations of 10 M and 20 mg/L, respectivel
pre-equilibration for 10 min (time for reaching equilibrium -cysteine
complexes), the harvested P. chrysosporium pelletsRgich were cultivated for 3 days

and rinsed several times with 2 mM sodium b@] buffer (Xiu et al., 2012; Xiu

GL20-M, Hukang, China) at 10,000 xg

et al., 2011), were added to the mixtur &ples were taken out at different time
intervals and centrifuged in a ce%Q

for 10 min. The supernatan@ used for analysis of the residual total Ag, dissolved
Ag’, and 2,4-DC§ng’ons. Likewise, toxicity response of Ag* (using AgNOs
as Ag" source) in thypresence of cysteine was performed in the same conditions
except for the substitution of 10 M AgNPs with 1 piM AgNOs. Besides, influences of
cysteine on removal and degradation performance of P. chrysosporium were estimated
at high concentrations of AgNPs (60 and 100 M) and Ag”™ (30 and 100 M) with a
Cys:Ag molar ratio of 50. In contrast, the mycelia were also exposed to various
concentrations of AgNPs and Ag” without cysteine to investigate single AgNP or Ag*

cytotoxicity.
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2.5. Protein quantification

Alterations in extracellular proteins were determined under different incubation
time, exposure time, and cysteine concentrations in the presence of AgNPs or Ag*,
and their contents were quantified by the Coomassie Brilliant Blue method using a
UV-vis spectrophotometer (Model UV-2550, Shimadzu, Japan) at 595 nm (Huang et
al., 2015; Huang et al., 2017).
2.6. Assessment of cell viability

Cell viability assay was carried out by using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro T) uptake and
reduction according to Chen et al. (2014). MTT, a w water-soluble tetrazolium
dye, can be reduced by living cells to a Water-®> urple formazan. The MTT

conversion occurs only in living cell mitoc a and is directly related to the

number of metabolically viable exposure to the solutions containing
AgNPs or AgNOg, P. chrys@m pellets (0.2 g) were added into MTT solution (1
mL; 5 mg/mL). cqglvglion of 2 h at 50 T, the reaction was terminated with the
addition of HCI solu§on (0.5 mL; 1 M) to the mixture. Then, the MTT-containing
mixture was centrifuged at 4 <C (10,000 > g, 5 min) and the supernatant was decanted.
Subsequently, the pellets were mixed with 6 mL of propan-2-ol under agitation for 2 h
at 25 <C. The absorbance was recorded at 534 nm with a UV-vis spectrophotometer.

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

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

2.7. Measurement of ROS
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Intracellular ROS levels induced under stressed conditions were examined using
the cell permeable indicator, 2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA,;
Sigma), which was hydrolyzed to the non-fluorescent compound
2', 7'-dichlorodihydrofluorescein (H,DCF) by intracellular esterase upon entering the
cells (Chen et al., 2014; Hu et al., 2017). H,DCF would be rapidly oxidized to the
highly fluorescent 2',7'-dichlorofluorescein (DCF) in the presence of the intracellular
ROS. Thus, the DCF fluorescence intensity of the supernatant was measured using a
FluoroMax-4 fluorescence spectrometer (Horiba Scientific, Tolo an) with
excitation at 485 nm and emission at 525 nm. In the test, P. orium pellets
were stained in the culture medium containing 5 DCF-DA for 2 h following
24-h exposure to the indicated concentrations @ and Ag"* with or without
cysteine. The staining medium was theg di , and the stained cells were rinsed
with phosphate-buffered saline @Qtimes prior to homogenization and

centrifugation. The quores@tensity of DCF indicated the extent of the
intracellular RO el
2.8. Analytical proce§ure

The removal amounts of Ag and 2,4-DCP from aqueous solutions were
calculated as the differences between the initial concentrations of the added
AgNPs/AgNO; and 2,4-DCP and the final concentrations of total Ag and 2,4-DCP in
the filtrates. Total Ag concentrations (including AgNPs and Ag™) in the solutions were
evaluated by using a flame atomic absorption spectroscopy (FAAS, PerkinElmer

AAT700, USA). Prior to the FAAS measurements, the samples were digested with
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HNO; and H,0, as previously described (Xiu et al., 2011). Dissolved Ag*
concentrations in the stock solutions were determined by filtration of stock solutions
through ultrafiltration centrifuge tube (1 kDa) using an inductively coupled
plasma-optical emission spectrophotometer (ICP-OES, IRIS Intrepid Il XSP, Thermo
Electron Corporation, USA). The concentration of 2,4-DCP in the filtrate was
quantitated by using high performance liquid chromatography (Agilent 1100 series

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

(Huang et al., 2015). Briefly, the column temperature was maintgi 5 C with UV
detection at 287 nm. The elution was carried out with an is obile phase of
acetonitrile/water (80:20, v/v) at a flow rate of 1.0 in. The supernatant was

filtered through a 0.45-pym PVDF membrane % er. 20 uL of the filtrate was

injected into an Agilent Eclipse Zorba mn (150 x 4.6 mm, 5 um)

proceeded by a C18-type guard
Each assay treatment \@rled out in triplicate, and all of the data were

presented as the s, an value with the standard deviation of at least three

individual measurenWgnts. The results obtained were analyzed by using Origin Pro 9.0
software (OriginLab, Northampton, MA). Statistical analyses were also performed to
evaluate the statistical differences between the treatment groups during the
experiments with the IBM SPSS statistical software package for Windows, version
19.0 (IBM Corporation, Armonk, New York, USA), according to One-way analysis of
variance (ANOVA) followed by a Student-Newman-Keuls post-hoc test. Differences

at the level of p < 0.05 were considered to be statistically significant.
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3. Results and Discussion
3.1. AgNP characterization

The resulting AgNP suspension (20.01 mg/L) was primarily composed of
spherical particles with an average particle diameter of 13.5 (%7.6) nm in basis of
TEM observations (Fig. 1). The average hydrodynamic diameter of AgQNPs was also
estimated with the value of 22.6 (%2.5) nm. Inconsistency in size distributions
determined by TEM and DLS methods resulted from their different measurement
principles (Guo et al., 2016a). The zeta-potential of AgQNPs shoge gative value
of —11.3 (£1.7) mV, and the dissolved fractions of AgNP s s were found to

be less than 1%.

3.2. Effects of incubation period and exposur tal Ag removal, AgQNP
dissolution, and 2,4-DCP degradation &
The effects of incubation p posure time on total Ag removal, AgNP

dissolution, and 2,4-DCP d@ion by P. chrysosporium are shown in Fig. 2. It can
be seen from Figﬁ. th aximum removal percentages were 79.17%, 92.5%,
and 100% for 12 h o\exposure at the incubation time of 60 h, 2 h of exposure at the
incubation time of 72 and 60 h, respectively. The total Ag removal amounts for 2-h
exposure were greatly higher than those for 12-h exposure after 36—72 h of sampling
time, possibly due to long-term exposure to AgNPs and 2,4-DCP causing chronic
damage and even cell death (Zhou et al., 2018; Chen et al., 2014). As for short-term
exposure (2 h) to AgNPs and 2,4-DCP, a higher total Ag removal was obtained for a

72-h-old cultivation with the maximum removal rate of 100%. It suggested that a
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72-h-old cultivation was greatly beneficial for the growth, reproduction, and
metabolism activity of P. chrysosporium. However, no significant difference in
2,4-DCP degradation was observed when the incubation period of P. chrysosporium
varied in the range of 60—72 h and the exposure time increased from 2 to 12 h (Fig.
2¢), which was possibly because a low concentration of 2,4-DCP (20 mg/L) could be
used as carbon and energy sources during the total Ag removal process (Huang et al.,

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

It is well-known that Ag™ ions are released from AgNPs ur{leLgsidic conditions
through oxidizing the nanoparticles in aqueous solutions e air (Equation 1).
4AQ° + O, +4H" — 4Ag" +2H,0 (1)

In addition to dissolved oxygen and pH vaIue ns, the release of Ag* was
related to the metabolic state of P. chrysose@ig?. Fig. 2b shows that different

incubation periods and exposur% o obvious difference in the release pattern

of Ag®. Maximum concentr@o

P. chrysosporiu @d to AgNPs and 2,4-DCP for 2 h at the incubation time

dissolved Ag* were up to 0.47 and 0.36 M when

of 60 and 72 h, resp&tively. However, relatively low levels of Ag* (< 1 M) were
found to enhance the biological activity and fitness of microbe, and stimulate Ag
removal and 2,4-DCP degradation as previously reported (Huang et al., 2017).
Meanwhile, little change in dissolved Ag” levels was observed under 12 h of exposure,
which could be associated with microbial metabolites. For example, extracellular
proteins boosted the repulsive force among nanoparticles through inducing a charge to
the particle surface, and organic acids could block the available binding sites and

12
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283

impede the continual leaching of AgNPs after adherence to the surface of
nanoparticles (Zuo et al., 2015). Taken together, the release of Ag* was remarkably
inhibited at a lower level after long-term exposure when compared with that after
short-term exposure.
3.3. Effect of initial cysteine concentration on 2,4-DCP degradation

2,4-DCP degradation was enhanced after the addition of cysteine in AgQNP- and
Ag’-treated groups, especially in those following high-dose exposure (Fig. 3). At the
low AgNP concentration (e.g. 10 uM), an obvious increase i - degradation
percentage was observed in the presence of cysteine from elative to that
untreated with cysteine (Fig. 3a). Furthermore, it h en previously demonstrated

that Ag-cysteine polymers/particles are expec rmed particularly at low

ratios of Cys:Ag (< 5), without the forgati articulate Ag for a Cys:Ag ratio of

50 (Gondikas et al., 2012). Thu

the molar ratio of 50 to im@

study. Notably, t @ysteine modulated the biodegradation of 2,4-DCP more

-cysteine mixtures were formulated with

ormation of Ag-cysteine polymers/particles in this

effectively at high AYNP concentrations with this ratio. The maximum degradation

rates of 2,4-DCP in 60 and 100 piM AgNP-treated groups increased from 84.8% and
73.4% to 100%, respectively, without and with cysteine. Likewise, an increase of 77.1%
in 2,4-DCP degradation rate was caused by addition of cysteine after exposure to 30

M Ag* as compared to that under the stress of Ag™ alone without cysteine (22.6%),

and for the given Ag” concentrations of 100 M, the maximum degradation rate of
2,4-DCP in the absence of cysteine was 21.9%, which was also increased to 100% on
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account of the supply of cysteine (Fig. 3b). Cysteine, typically found in natural waters
(e.g., wastewater, surface waters, and sediment porewater) at low levels (hanomolar to
micromolar range), is a very strong metal-complexing agent, capable of preferential
binding of Ag® to the sulfur groups of this organic thiol (Gondikas et al., 2012; He et
al., 2012; Zhang et al., 2004). Moreover, cysteine was been found to have little
influence on cell growth (in section 3.6). It was speculated that formation of
Ag-cysteine complexes could lower the levels of free Ag®, inhibit Ag uptake, and
alleviate the overall cytotoxicity of AgNPs and/or Ag™ (Navagr&et 015), further
improving the biodegradation of 2,4-DCP. However, as for concentration (1
M), the supplied cysteine of 5 and 50 M appeareg=Rgt to distinctly influence

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

500 M cysteine was supplied in the s &is might be attributed to the

difference in Cys:Ag ratio leadi nt bioavailabilities in Ag-cysteine species.

Partial soluble Ag-cysteine@:ij readily taken up by P. chrysosporium probably
in

resulted in a decl -[JCP degradation to some extent.

3.4. Effect of initial §/steine concentration on total Ag removal

Cysteine ranging from 5 to 5000 M resulted in different effects on total Ag
removal under the treatments with AgNPs and Ag™ (Fig. 4). Patterns of total Ag
uptake within 24 h were similar to those of 2,4-DCP degradation within 48 h upon
AgNP exposure in the presence of cysteine, showing higher removal rates than those
in the group treated with AgNPs without cysteine (Fig. 4a). A tentative explanation

was that after short-term treatment with cysteine, the zeta-potential of AgNPs could
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be shifted to less negative values, causing more total Ag removal relative to the
treatment without cysteine (Huang et al., 2018; Wang et al., 2016; Eckhardt et al.,
2013). Interestingly, a remarkable decline in total Ag removal was detected when
cysteine came into contact with 10-iM AgNP-treated cells for 36 h. Afterwards, total
Ag removal percentage under 500 UM cysteine rapidly increased from 59.2% to
98.3%, which was higher than that under just 10 M AgNPs (the maximum of 96.1%);
however, there was a substantial reduction in total Ag uptake after supplement of low
concentrations of cysteine (5 and 50 M), eventually droppin 0 and 39.2%,
respectively, at 72 h. A similar trend as for AGNPs was obs 1 1M Ag” in total
Ag uptake with cysteine in the range of 5-500 LM 4c). Almost complete
removal of total Ag was obtained after exposu@ Ag" with and without 500
UM cysteine (99.9% and 99.6%, respe vertheless, a decline in total Ag

uptake was achieved under 1 3 ents with 5 and 50 M cysteine over 12

h- G

It should beﬁd e total Ag uptake rates under exposure to 10 M AgNPs
and 1 M Ag* were Npth declined after addition of 5 and 50 M cysteine. The
minimum uptake rates of total Ag under AgNP/Ag" exposure were obtained at a
Cys:Ag ratio of 5, and the changing pattern in total Ag uptake under Ag* exposure
was more stable with higher uptake rates than that under AgNP exposure at this ratio.
The findings implied that a more complex role of cysteine might be played in the
medium including AgNPs in contrast to Ag”. It is well-known that cysteine can not

only strongly bind and remobilize Ag®, but also influence the aggregation, dissolution,
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and surface charge of AgNPs by adherence onto their surfaces (Gondikas et al., 2012;
Afshinnia et al., 2016; Hu et al., 2016; Navarro et al., 2015). Such processes therefore
potentially resulted in the greater instability in Ag uptake due to the unstable
Ag-cysteine complexes in the context of AgNPs. For example, cysteine at a low
concentration (the Cys:Ag ratio of 0.5) could be only chelated with part of the
dissolved Ag" released from AgNPs to form Ag-cysteine complexes that promoted
AgNP aggregation to certain extent, resulting in a decline in total Ag uptake at this
ratio. When cysteine was added far in excess of Ag concentrati®qs :Ag > 50),
Ag-cysteine complexes formed with higher coverage of Ag with cysteine
slowed the dissolution and aggregation of AgNPs. while, the complexes might
be directly adsorbed onto the surface of cells etrated into them, due to the
abundant peptides, polysaccharides, a &
micropinocytosis and caveolae-r@%docytosis (Renetal., 2017; Xu et al.,
2012b; Hu et al., 2017). It W@as olvious that higher ratios of Cys:Ag led to higher Ag
removal rates. N%@)t a Cys:Ag ratio of 5, it was hypothesized that

Ag-cysteine compleXgs might be the major sinks driving equilibrium Ag

existing on the hyphae or

biopartitioning (Liu et al., 2010). Higher cysteine concentrations than total Ag doses
probably resulted in the following two cases: (1) complexation of cysteine with
dissolved Ag" facilitated the dissolution of nanoparticles (Siriwardanaet al., 2015a);
and (2) additional free cysteine molecules were available for interaction with AgNP
surfaces inducing aggregation of the nanomaterials, as previously reported by
Gondikas et al. (2012). These could be the factors that gave rise to the instability of
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total Ag removal. As seen in Fig. 4b, the concentration of dissolved Ag” at the
Cys:AgNPs molar ratio of 5 is indeed significantly enhanced with respect to only
AgNP treatment without cysteine, indicating an enhancement in AgNP dissolution at
this Cys:Ag ratio. However, little change in dissolved Ag* concentrations was
observed at very low levels when the ratios of cysteine to AgNPs were 0.5 and 50.
The observations were in agreement with the findings of total Ag removal in Fig. 4a,
which suggested that total Ag removal was closely related to the ratios of Cys:Ag.
Additionally, the influence of cysteine on total Ag remoya 0 investigated
at high concentrations of AgNPs and Ag” with a Cys:Ag ra (Fig. 4d). In the
absence of cysteine, maximum removal percentagegs§total Ag were 76.3%, 28.5%,
94.2%, and 37.3% under the treatments with LM Ag*, 60 and 100 pivI
AgNPs, respectively, suggesting that € a more potent toxic effect on P.
chrysosporium than AgNP did o Qotal silver concentration. However, the
total Ag removal rates reac@wost 100% upon the addition of cysteine for 1 h, and
slightly increaseﬁ @ Although the supplied cysteine induced a substantial
increase in total Ag moval, especially at high concentrations of Ag™ and AgNPs, the
contribution of Ag” versus the AgNPs themselves to higher toxicity of AgNPs to fungi
was not discerned during this process. Consequently, influences of cysteine on
extracellular protein secretion, cellular viability, and ROS generation were

investigated under AgNP and Ag™ exposure in the following sections.

3.5. Effect of cysteine on extracellular protein content
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Our previous study has demonstrated that the toxic effects of AGNPs/Ag*” may be
related to their interactions with proteins (Huang et al., 2015; Zuo et al., 2015). In the
present study, the contents of extracellular proteins secreted by P. chrysosporium
increased within 12 h and subsequently decreased with sampling time to some extent
under treatments of 10 M AgNPs or 1 M Ag* with 20 mg/L 2,4-DCP (Tables 1-3).
In terms of exposure time, the concentrations of extracellular proteins secreted for 12

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

with the changes in extracellular protein contents during variguie re time and
sampling time, it was assumed that short-term contact with nd 2,4-DCP
(within 12 h of exposure time and sampling time) bly induced up-regulation of

protein contents in response to adverse enviro@ ctors, whereas the decline in

protein secretion after further contact fgr? could be explained by the

disturbance of chronic damage i thesis of proteins (Chen et al., 2014;
Khojasteh et al., 2016). An@ssibility for the decrease in extracellular protein
content was that e &,s might subsequently be utilized as nitrogen sources by
P. chrysosporium peRets to enhance their biological activity, further facilitating Ag
removal and 2,4-DCP degradation (Huang et al., 2017; Huang et al., 2015). Similar
phenomena on the reduction of extracellular protein secretion were observed in Tables
2 and 3 after long-term contact with AgNPs and Ag” in the presence of cysteine.
Besides, the maximum content of extracellular protein (86.73 pg/mL) related to
different incubation time was obtained when P. chrysosporium cells were exposed to

AgNPs and 2,4-DCP for 2 h at the incubation time of 72 h. This demonstrated that
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72-h incubation was instructive for fungal colonization, further greatly improving the
removal of toxicants, which was in accordance with the results in Fig. 2a.

On the basis of investigations on influence of varying concentrations of cysteine
on the secretion of extracellular proteins under the stress of AgNPs, it was found that
the significant increments in extracellular protein production were induced by various
cysteine concentrations (5, 50, and 500 uM) in the first 12 h, up to 80.79, 79.48, and
79.44 pg/mL, respectively, which were higher than that induced by AgNPs alone with

the maximum of 75.36 ug/mL (Table 2). The similarity of alter&ioggthe

concentrations of extracellular proteins secreted was obser Ag" stress in the
presence and absence of cysteine (Table 3). Stimul of cysteine on extracellular
protein production within 12 h could be closel 0 the potential association of

tion avoided the direct contact of

reactivity of Ag" and AgNPs themselv &added cysteine (Siriwardana et al.,
2015b). AgNP/Ag*-cysteine COF%Q
&y

AgNPs/Ag" with extracell pr@teins, whereas lack of cysteine caused interplay of
AgNPs/Ag" Withﬁéa@r fungal proteins via chemical cross-linking or
electrostatic force oMNgttraction, leading to some conformational changes of the
proteins (Navarro et al., 2015; Khan et al., 2011). These could also be the cause of the
observed higher concentrations of extracellular proteins under AGNP/Ag™ stress with
cysteine at 1-12 h than those without cysteine. Another factor may be the higher cell
densities stimulated by cysteine treatment (further explained in Section 3.6), which
may contribute to greater secretion of extracellular proteins (Khojasteh et al., 2016).
However, extracellular protein secretion in concentration-response curves over
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sampling time (24-72 h) showed an opposite trend, with slightly higher values for the
samples without addition of cysteine than those with cysteine supply. Although upon
cysteine addition, the formation of AgNPs/Ag*-cysteine complexes occurred, the
structure and conformation of the complexes may change with exposure time during
the process of metabolism of P. chrysosporium, which possibly depressed the
secretion of extracellular protein (Siriwardana et al., 2015b). Furthermore, there is no
obvious dependence between the impacts of cysteine on extracellular protein contents
and the Cys:Ag ratios. %

3.6. Action of cysteine on cellular viability

For further discerning the cytotoxicity of AgNpersus Ag*, impacts of cysteine

on the viability of P. chrysosporium were inve@ llowing exposure to AgNPs
and Ag" with various concentrations g -50 mM) for 24 h. Results showed
that cysteine enhanced the stim ts of AgNPs and Ag” on P. chrysosporium
cells to some extent (Fig. 5QAS
significant enhan?e 0 g#llular viability of P. chrysosporium under high-dose

AgNP stress (60 ana§.00 M) relative to the groups treated with AgNPs alone, while

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

own in Fig. 5a, cysteine addition resulted in a

just cysteine groups, and the 10 M AgNP-treated groups with and without cysteine.
In contrast, in the presence of 1 M Ag™, cellular viability was significantly
stimulated when cysteine was administered at the concentrations of 50 and 500 v
(28.8% and 25.8% higher than that of the just 1-pM Ag*-treated cells, respectively)
(Fig. 5b). However, further increase in Ag™ concentrations (> 10 V1) caused obvious
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toxic effects on P. chrysosporium in a concentration-dependent manner, leading to cell
death with approximately 41.0%, 71.5%, and 78.6% of the total cells at Ag*
concentrations of 10 M, 1, and 10 mM, respectively, in the absence of cysteine.
Some studies indicate that cysteine can isolate the effect of AGNPs and decrease Ag*
availability (Navarro et al., 2008; Xiu et al., 2011), dramatically decrease the
inhibitory effects of Ag” in a concentration-dependent manner, and even completely
mitigate the toxicity of AgNPs and Ag” (He et al., 2012). In marked contrast to these
studies, cysteine addition in the range of 5-500 UM appeared, n& t ctively
modulate the microbicidal properties of Ag” at 10 pM, 1, a with the
maximum increases in cellular viability of 10.6%, 06, and 11.4%, respectively, in
comparison with those without cysteine. It Wﬁ@ ized that the deleterious

effects of Ag” on P. chrysosporium in e of cysteine were likely due to

limited binding of Ag” by cystei@
Ag species could be suﬁici@bl e for Ag” release, resulting in Ag" still being

bioavailable and il up by this fungus (Luoma et al., 2016; Fabrega et al.,

ese conditions, or that the cysteine-bound

2009). These results\yere consistent with those for the marginally mitigating
influence of cysteine addition on Ag™ toxicity to phytoplankton as previously reported
(Lodeiro et al., 2017).
3.7. Effect of cysteine on ROS levels

Substantial studies point out that the mechanism underlying AgNP-induced toxic
effects and the antibacterial activity of Ag” ions are strongly associated with ROS
generation (Huang et al., 2016; Massarsky et al., 2014; Li et al., 2016; Zhu et al.,
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2016), and that cysteine can coordinate with Ag" resulting in a reduction in Ag
bioavailability and the toxicity of AgNPs and Ag* (He et al., 2012; Luoma et al.,
2016). Thus, the impacts of cysteine on oxidative stress induced by AgNPs and Ag*
were examined in the present work (Fig. 6). In the absence of cysteine, the generation
of ROS was significantly stimulated by 1 pM Ag* and 10 M AgNPs with respect to
the control, but depressed with a further increase in the concentrations of Ag* and
AgNPs to 10 and 100 M, respectively. It has been documented that the formation of
ROS as a natural byproduct occurs during aerobic metabolis t itochondria
(Chen et al., 2014). The stimulatory induction of ROS in ¢ er doses of Ag*
and AgNPs could be attributed to the fact that the f d ROS were detectable before
the toxic effects of AQNPs/Ag* on mitochondr@ ns. On further increasing the

AgNP/Ag" concentrations, however, agiio efense systems of P. chrysosporium

cells would be activated against amage, leading to ROS scavenging.

Similar results were observ@d unger cadmium stress (Chen et al., 2014).

Interestingl o@ increasing tendency in ROS generation in a
concentration-depen§ent manner was observed again following the exposure to higher
concentrations of Ag* alone (10-100 V) relative to the control. Exposure of P.
chrysosporium cells to single 100 pM Ag* caused the maximum increase in ROS
production, approximately 44-fold higher than that of the control. The results
suggested that higher Ag* concentration exposure evoked overproduction of ROS,
eventually resulting in oxidative stress. More surprisingly, cysteine addition elicited a
dramatical increase in the ROS level for the samples exposed to 30 M Ag* and 100
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M AgNPs. Although the production of ROS was significantly decreased with the
addition of 5.0 mM cysteine in the case of cells treated with 100 |V Ag* as compare
to that without cysteine, higher level of ROS production was still obtained. The
phenomena reflected that the supplied cysteine led to acceleration or slight mitigation
in ROS formation under high AgNP/Ag" concentrations. It was most likely implicated
in the bioavailability of Ag-cysteine complexes, which might be readily taken up into
cells, causing irreparable metabolic dysfunction and cell death (Lodeiro et al., 2017).
The observations were in line with the cellular viability analysi§i resence of
cysteine as shown in Fig. 5b. We have no knowledge of dir nce for lability
and bioavailability of AgNPs/Ag*-cysteine comple nd further explorations are
underway to identify the possible mechanism Iye®In bioavailability and
contribution of Ag-cysteine complexe oxicity towards microbes.

4. Conclusion

In addition to enhance@%remediation, extracellular protein secretion,
and cellular viabi} c@ led to a decrease in total Ag uptake upon exposure to
low concentrations §AgNPs and Ag”, especially at a Cys:Ag ratio of 5. More
instability in the changing pattern of Ag uptake was observed under stress of AgQNPs
than Ag" at this ratio. On the other hand, ROS levels were significantly stimulated by
AgNPs and Ag" in the absence of cysteine, except for the case under high-dose AgNP
treatment. After cysteine supplement, prominent stimulatory or marginally alleviatory
effects on ROS generation were achieved. Collectively, AgNP/Ag*-induced toxicity to
P. chrysosporium was enhanced or only marginally mitigated by cysteine, which
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could be associated with the Cys:Ag ratio and the reactivity of cysteine with
AgNPs/Ag". The insights in this work provide the evidence of no general mechanism
for interactions of thiols with AgNPs/Ag* and have important implications for
enhancing understanding of antimicrobial applications and ecotoxicology of AgNPs in
natural aquatic systems enriched with organothiols.
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