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Abstract: Antioxidative response of Phanerochaete chrysosporium induced by silver
nanoparticles (AgNPs) and their toxicity mechanisms were comprehensively
investigated in a complex system with 2,4-dichlorophenol (2,4-DCP) and Ag*.
Malondialdehyde content was elevated by 2,4-DCP, AgNPs, and/or Ag* in
concentration- and time-dependent manners within 24 h, indicating an increase in
lipid peroxidation. However, beyond 48 h of exposure, lipid peroxidation was
alleviated by upregulation of intracellular protein production and enhancement in the

activities of superoxide dismutase (SOD), catalase (CAT), and Sergygase (POD).

Comparatively, POD played more major roles in cell prote inst oxidative

damage. Furthermore, the dynamic change in reactjgxygen species (ROS) level
was parallel to that of oxidized glutathione (G@ ROS levels correlated well
with GSSG contents (R? = 0.953) aftergXp 0 AgNPs for 24 h. This finding
suggested that elimination of ox o\ ss resulted in depletion of reduced

glutathione. Coupled with t@e angyses of anoxidative responses of P. chrysosporium

under the single wéo ingd treatments of AgNPs and Ag*, HAADF-STEM, SEM,
and EDX demonstrafd that AgNP-induced cytotoxicity could originate from the
original AgNPs, rather than dissolved Ag™ or the biosynthesized AgNPs.

Keywords: Antioxidative enzymes, Oxidative stress, Phanerochaete chrysosporium,

Silver nanoparticles, “Particle-specific” effects
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1. Introduction

Nanomaterials are defined as supramolecular compounds with at least one
dimension less than 100 nm that possess peculiar physicochemical properties; they
have been rapidly expanding applications in biology, medicine, and biochemical
engineering (Shi et al., 2014; Xu et al., 2012; Gong et al., 2009; Lin et al., 2008).
Metallic silver nanoparticles (AgNPs) are the most extensively used nanomaterial

because of their potent and broad-spectrum antibacterial, antifungal, and antiviral

activities (Wang et al., 2012; Windler et al., 2013). Given the eXglggsag in the use of
silver nanotechnology, AgNPs have inevitably been releaseWy dustrial and
domestic effluent streams directly or through disch of municipal wastewater,

leading to accumulation, transformation, and @ in the atmosphere, water,

soil, or organisms (Das et al., 2012; Lijgeét 4; Sheng and Liu, 2011; Zeng et al.,

2013a). AgNPs have been prov tential threat to environments, especially
aquatic environments, beca@heir relatively high toxicity toward some aquatic
organisms and i@’munities in biological treatment processes (Liu and
Hurt, 2010; Borm arN Berube, 2008;Feng et al., 2010).

A myriad of studies have shown that the toxic effect of AgNPs is primarily
attributed to the released Ag*. Blaser et al. (2008) found that 15% of the total Ag from
Ag-based products was released into water when analyzing the risk of releasing
AgNPs into the ecosystem. It is well known that the Ag* can inactivate bacterial cell
electron transport, ATP production, and DNA replication and it can interact with thiol

groups in enzymes, causing cells to be in a non-culturable state and even leading to
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cell death (Massarsky et al., 2013; Morones et al., 2005). Furthermore, AgNPs, which
have been documented to readily penetrate through biological barriers and cell
membranes (AshaRani et al., 2009), interfere with specific biological systems and
cellular functions including permeability and respiration (Morones et al., 2005;
Frdnlich, 2013; Foldbjerg et al., 2011). Reactive oxygen species (ROS) generation
was stimulated, and antioxidant defense system elements were suppressed under
AgNP stress. These effects resulted in serious cellular damage, degradation of the

membrane structures of cells, protein and lipid peroxidation, breaks, either

directly or indirectly (Krawczynska et al., 2015; Jones et al’ ildirimer et al.,
2011; Kim and Ryu, 2013; Zeng et al., 2013b). Re ing the extended release of a

large amount of Ag* and differences in antimi chanisms of Ag* and AgNPs,

influences of coexistence of AgNPs and A valuation of the ecotoxicity of
AgNPs cannot be ignored. Alth ism or antagonism of combinations of
AgNPs and Ag® on the nun@é@els and growth rates in Escherichia coli have
been reported (CREt 8), whether the combined toxic effects mainly
originated from the §article-specific” antimicrobial activity of AgNPs remains an
open question (Xiu et al., 2012). Furthermore, AgNPs have been widely used for
monitoring, adsorption, photocatalytic degradation of various water contaminants
such as cadmium (Cd) and 2,4-dichlorophenol (2,4-DCP) (Zuo et al., 2015; Huang et
al., 2017). It provides abundant opportunities for the coexistence of AgNPs, Ag*, and
2,4-DCP in the environment. Our previous studies have found that exposure of
AgNPs to Phanerochaete chrysosporium (P. chrysosporium) can greatly improve the

4



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

removal efficiency of Cd(II) and 2,4-DCP (Huang et al., 2017; Zuo et al., 2015). This
could be closely associated with the antioxidant defense systems of microorganisms
in complex systems with nanomaterials and toxic pollutants.

Antioxidant defense systems are composed of non-enzymatic and enzymatic
antioxidants. Non-enzymatic antioxidants include lipid-soluble membrane-associated
antioxidants and water-soluble reductants (e.g., ascorbic acid and glutathione).
Antioxidative enzymes, including superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD), play critical roles in oxidative stress defensen i (Chenetal.,
2014; Zhang et al., 2007). Reduced glutathione (GSH), a s \ONtaining tripeptide
thiol, could scavenge free radicals or serve as a cof; for glutathione peroxidase
(GPx), oxidizing GSH to diminish H20,. SOI@ defense line against ROS,
converts Oz to H202. Subsequently, 2 ified by CAT and POD. The
enzymatic action of CAT leads tion of water and molecular oxygen, while
the decomposition of H202Qy PQD 1s achieved by oxidizing co-substrates such as

g}npounds, and/or antioxidants (Qiu et al., 2008).

, as a model strain of white rot fungi, has been employed to

aromatic amines,

P. chrysospori
remove organic substrates and heavy metals in wastewater on account of its desirable
biodegradation and biosorption ability (Zeng et al., 2012; Huang et al., 2015; Huang
et al., 2008). However, how P. chrysosporium responds to contamination of aquatic
systems with a combination of AgNPs, Ag", and toxic organics in vivo is unclear.
Hence, in order to maximize the promising applications of AgNPs and white rot fungi
in bioremediation, it is necessary to understand the bioeffects of AgNPs on the
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antioxidant system and pertinent biochemical detoxification mechanisms to stress
tolerance in a complex system.

The present study therefore focused on the antioxidative responses of P.
chrysosporium, at the metabolic and physiological levels, following exposure to
various concentrations of 2,4-DCP, AgNPs, and Ag*. Cellular viability, lipid
peroxidation, activities of antioxidant enzymes (SOD, CAT, and POD), glutathione
levels, and intracellular protein contents were determined using a UV-vis
spectrophotometer. ROS generation was also assessed by flugrdgc spectrometry.
Furthermore, relationships between stress intensities and a t fluctuations, and
interactions of various antioxidants with free radic ere evaluated to identify
toxicant-induced oxidative damage, antioxida efermse mechanisms of P.
chrysosporium against these stresses, hes of AgNP-evoked cytotoxicity.
2. Materials and methods @

2.1. Strain and treatments Q

P. chrysosp® @BKM F-1767 (CCTCC AF96007) was obtained from the
China Center for Ty Culture Collection (Wuhan, China) and maintained on malt
extract agar slants at 4 <C. The spore suspension was adjusted to a concentration of
2.0 x10° CFU/mL by scraping the spores into sterilized ultrapure water, inoculated
into the culture medium, and cultivated in an incubator at 37 <C and 150 rpm for 3
days. P. chrysosporium pellets were harvested, rinsed three times with 2 mM
NaHCOg, and then exposed to four treatment groups: 1) 2,4-DCP-treated groups
including a series of 2,4-DCP concentrations (0, 153, 307, and 613 V) with 10 M
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AgNPs; 2) AgNP-treated groups composed of various concentrations of AgNPs (0, 1,
10, 30, 60, and 100 pM) with 153 M 2,4-DCP; 3) Ag*-treated groups containing
different concentrations of Ag* (using AgNOs as the ion source; 0.01, 0.1, 1, 10, and
100 piM) with 153 pM 2,4-DCP; and 4) a combined treatment of AgNPs and Ag*
consisting of 10 M AgNPs, 1 M Ag™, and 153 M 2,4-DCP. Subsequently, fungal
pellets were collected from test solutions at pre-decided intervals for the succeeding
experiments. Citrate-stabilized AgNPs were used in this work and prepared according
to our previous report (Huang et al., 2017). The desired dose were
obtained by dilution of the AgNP stock solution with 2 m 3 buffer solution
(Cheng et al., 2016). Detailed descriptions on synt and characterization of AgQNPs

can be found in Supporting Information (SI). @

2.2. Cellular viability and ROS genergiign

MTT assay was performed the metabolic activity of P. chrysosporium
according to previous studi@n etal., 2014; Luo et al., 2013). Absorbance was
measured at 534 iliging a UV-vis spectrophotometer (Model UV-2550,
Shimadzu Company§\Tokyo, Japan), and the viability of P. chrysosporium was
expressed as relative percentages to the control. P. chrysosporium cells that untreated
with 2,4-DCP, AgNPs, and Ag* were used as the control.

ROS generation was determined by a FluoroMax-4 fluorescence spectrometer
(Horiba Scientific, Tokyo, Japan) with an excitation wavelength of 485 nm and an
emission wavelength of 525 nm using the cell permeable indicator, 2',7'-

dichlorodihydrofluorescein diacetate (L&pez et al., 2006). To visualize changes in
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intracellular ROS, the stained cells were imaged using an Olympus Fluoview 1000
laser scanning confocal microscope (LSCM, Olympus TY 1318, Tokyo, Japan) (Yang
etal., 2010).
2.3. Lipid peroxidation

Lipid peroxidation was estimated by determining malondialdehyde (MDA)
content in P. chrysosporium. Samples of 0.2 g of fungal pellets were homogenized in
2.5 mL of 10% tricholoroacetic acid (TCA). 2 mL of the extracts was added into 2 mL
of 6% thiobarbituric acid and then absorbance of the mixture ded at 532 and
600 nm following the reported procedures (Zeng et al., 20 hary et al., 2007).
2.4. Antioxidative analyses

For further analysis of antioxidative pote ¥ chrysosporium, the activities

of SOD and CAT were evaluated by f e method described by Qiu et al.

(2008); POD activity was tested

2014); GSH and total gluta@t:SH) contents were determined according to

Rehman and Anj 2 0% inhibition of the reaction was defined as one unit of

ing the oxidation of guaiacol (Chen et al.,

SOD activity. One uNjt of CAT (POD) was defined as decrease (increase) of 0.1
(0.01) unit of A0 (As70) per min. The enzyme activities were expressed as U/g FW.
2.5. Mechanism and data analysis

Scanning electron microscope (SEM, FEI, USA) equipped with an energy
dispersive x-ray (EDX) was used to measure the surface morphology of the freeze-
dried fungal pellets, which were collected from the solutions with single AgNPs (Ag™)
and a combination of AgNPs and Ag*. After freeze-dried samples were ground to a
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power, physicochemical transformation of AgNPs under stressed conditions was
analyzed by scanning transmission electron microscopy in high-angle annular dark
field mode (HAADF-STEM) coupled with an EDX system. X-ray diffraction (XRD,
D8 Discover-2500, Bruker, German) of samples was also performed to further
identify crystalline phases.

Data are expressed as the means xstandard deviations of triplicate assays. A one-
way analysis of variance (ANOVA) was conducted to test for significant differences

(p < 0.05) between the experimental groups. %

3. Results and discussion

3.1. Characteristics of AgNP suspensions

The as-prepared AgNPs, with an average
nm and a negative (-potential of —11. +&
absorption bands with Amax at 3 #S1). AgNP suspensions containing 2,4-
DCP remained relatively hié%with little aggregation and dissolution in

comparison to A S lution (Fig. S1). This could be associated with 2,4-DCP

amic diameter of 22.6 £2.5

displayed narrow and intense

in the solutions, whigh possibly adsorbed onto the surface of AgNPs and restrained
AgNP dissolution. Details are available in the Sl (in section 2.1).
3.2. Viability of P. chrysosporium

As seen in Fig. S3, P. chrysosporium survival was stimulated by low-dose
AgNPs (0-10 pM), Ag* (0.01-1 M) and 2,4-DCP (153 ivl); however, high
concentrations of AgNPs (> 100 pM), Ag* (> 10 pM), and 2,4-DCP (> 307 M)
exhibited a striking cytotoxicity, and P. chrysosporium appeared much more
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susceptible to Ag* than AgNPs. Although an apparent inhibition following exposure to
high-dose AgNPs and 2,4-DCP was observed, Ag* release from AgNPs for all tested
treatments with AgNPs and 2,4-DCP has been well documented at very low levels,
much less than 1 M (Huang et al., 2017). The findings revealed that significant
inhibitory effects could be triggered by high-level exposure to toxicants, rather than
by the released Ag* in the aqueous solutions. Details on cellular viability are provided
in the SI (in section 2.2).

Cellular viability after the combined treatment with 10 and 1 uyM Ag”
was appreciably lower than that in each treatment alone. T ikely reason was
that Ag* absorbed onto AgNP surface or formed co xes with the citrate coating on
AgNPs through electrostatic attraction, Ieadin@ s surrounded by a “cloud” of

Ag* (Liu and Hurt, 2010; Huynh et al, ich could also cause the lower

dissolution of AgNPs. Thus, the@ on of Ag* surrounding AgNPs was
comparatively higher than tgat inghe bulk solution. When AgNPs attached to or came
into close proxiw@(ungal membranes, the fungi would be exposed to a
considerably higher §g* concentration, leading to inactivation of the P. chrysosporium
cells.
3.3. ROS generation

To illustrate oxidative responses of P. chrysosporium to AgNPs, Ag*, and 2,4-
DCP, intracellular ROS generation was evaluated after 24-h stimulation with these
toxicants. A distinct increase in ROS levels was observed after treatment with low-
dose AgNPs (especially for 1 M); however, ROS production, induced by high
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concentrations of AgNPs, decreased in a dose-dependent manner, to even lower levels
than that of the control (Fig. 1A). Similarly, ROS generation in the Ag*- and 2,4-DCP-
treated groups was noticeably stimulated at exposure concentrations of 0.01, 0.1, and
1 M Ag*, and 153 pM 2,4-DCP, but a contrary concentration-related pattern was
observed at high levels of Ag* and 2,4-DCP (Fig. 1B and C). It is not unusual for
oxidative effects to be more severe at lower exposure concentrations (Choi et al.,

2010). This could be accounted for by the fact that ROS were primarily generated as a

natural byproduct during the process of normal aerobic metaQo gaynitochondria,
the functions of which might be disrupted after the occurre S formation or
reaching its detectable level (Chen et al., 2014). Be , the drastic reduction in the

ROS levels for high-concentration exposure c% plained by the fact that

irreparable metabolic dysfunction and 2ooWgaigXprogrammed cell death) were

evoked by oxidative stress (Zen @12), resulting in a diminution in the cell
concentration, as depicted i@%ability assay (Fig. S3).

ROS levels C e combination of 10 uM AgNPs and 1 uM Ag" were
insignificantly diffef§nt from those triggered by either 10 uM AgNPs or 1 uM Ag",
but much higher than that in cells subjected to only 10 piM Ag* (Fig. 1A and B). This
indicated that based on total Ag concentration, Ag* ions were more toxic to P.
chrysosporium than AgNPs, resulting in the population not easily recovering from
Ag" exposure. Furthermore, as aforementioned, AgNPs can be surrounded by a
“cloud” of Ag* due to Ag* adsorption and complexation. With the addition of
exogenous Ag*, more Ag* ions will be adsorbed on AgNP surface. The attachment or
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close proximity of AgNPs to cell membranes could enhance the locally high Ag*
concentration at the nanoparticle-cell interface and accumulation of AgNPs in cell
membranes might also induce local disruption of the bilayer structure and affect the
lipid bilayer phase behavior (H&fner and Malmsten, 2017). However, changes in
ROS levels and cellular viability under stress of AgNP and Ag™, separately or in
combination, indicated that low-dose AgNP/Ag*-induced cell damage was deemed to
be recoverable. Additionally, the pattern of dose-related ROS generation was also
verified by LSCM images (Figs. 1D and S4), which showed i%nsity
fluorescence at lower exposure concentrations.
3.4. Lipid peroxidation

A dose-dependent increase in MDA cont@ nd in P. chrysosporium after

2-h exposure to 2,4-DCP (Fig. 2A), sugges ncentration-dependent stimulation

in imposed lipid peroxidation of, mbrane and other organelles (Chen et al.,
2014). The stimulation was@iti at low concentrations (0-307 pivl). On further
increasing the co traglonlo 613 M, however, the MDA content was somewhat
suppressed. Coupledyvith the cell viability results (Fig. S3C), high concentrations of
2,4-DCP led to cell necrosis or death, causing the release of MDA from these cells
(Jiang et al., 2014). It was also observed that although 2,4-DCP concentrations had no
pronounced difference in their effects on membrane lipid peroxidation after 24-48 h,
higher MDA levels were elicited by 2,4-DCP treatments for 24 and 48 h than those for
2 h, indicating that 2,4-DCP induced the oxidative stress in the fungal cells due to

prolonged exposure.
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It has been demonstrated that lipid peroxidation was induced by AgNPs in
zebrafish liver, green algae, and higher plants (Choi et al., 2010; Jiang et al., 2014;
Oukarroum et al., 2012). In this study, AgNPs dramatically enhanced MDA
accumulation to a concentration of 100 M in 2 h and the highest concentration of
MDA was found after 24 h of exposure (Fig. 2B). Nevertheless, a decrease was
observed with a further increase in exposure time to 48 h. It could be postulated that
free radicals were possibly neutralized by the antioxidative effect of P. chrysosporium,
resulting in the low detected levels of MDA. To test this hypqtigsi antification of
antioxidants was performed. Changes in MDA content sho ilar trend after
treatment with Ag™ and with the AgNPs and Ag* co X (Fig. 2C). According to

comparative treatments of 1 pM Ag* W|th and ,4-DCP, slightly lower MDA

levels were detected in the samples wi 2 4-DCP after 2-72 h, suggesting
that lipid peroxidation might be% y low concentrations of 2,4-DCP.

3.5. Antioxidative analys

3.5.1. SOD acti ()

Changes in SOy activity in P. chrysosporium treated with 2,4-DCP, AgNPs, and

Ag" were presented in Fig. 3. For short-term exposure (2 h), there was a marked
enhancement in SOD activity due to the introduction of 2,4-DCP, whereas, after
exposure to 2,4-DCP for 24 h, SOD activity was noted to be lower than that in the
control (Fig. 3A). The markedly enhanced SOD activity could be assigned to a direct
stimulation of 2,4-DCP on the enzyme activity (Qiu et al., 2008), or the upregulation

in the expression of genes encoding SOD when cells respond to compensation of
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excess superoxide radical (Zeng et al., 2012; Ma et al., 2015). However, the
decreasing part in SOD activity at 24 h was considered as an exhaustion phase in
which antioxidative defense systems were overloaded, causing chronic damages and
even cell death. A similar tendency in SOD level was also observed for a combination
treatment of 10 piM AgNPs and 1 pM Ag* and Ag* treatments with and without 2,4-
DCP within 24 h (Fig. 3C). After further exposure to 2,4-DCP, AgNPs, and/or Ag* for
48 and 72 h, none of the activities were remarkably different from the control, but an
enhancement in SOD activity occurred again when compare after 2-24 h of
exposure (Fig. 3A-C). This could be associated with the e \ moval of these
toxicants by P. chrysosporium after 48 h (Huang et 017). And the surviving P.

chrysosporium cells may induce more enzym i xidative stress and

membrane-damaging lipid peroxidatigg:'l he induced enzymes were conducive
Q.

to recovery of cellular growth a@

A statistically insignifigant agteration in SOD level was observed under the tested
AgNP concentraﬁ \@pect to the control at 24 h (Fig. 3B), while 2,4-DCP and
Ag* caused a signifi§gnt lower SOD activity than the control did. The results
exhibited that in comparison to AgNPs, SOD activity was more vulnerable to 2,4-
DCP and Ag*. Furthermore, although the activities of SOD under the combinative
stress of AgNPs and Ag* were lower than those under the stresses of single AgNPs
and Ag* with and without 2,4-DCP within 24 h significantly or insignificantly (Fig.
3C), it cannot be concluded that a combination of AgNPs and Ag"™ have more adverse
effects on SOD activity than single AgNPs or Ag™.
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3.5.2. CAT activity

CAT, existing in all microorganisms and correlating with microbial activity and
respiration, boosts oxidization of compounds by means of H,O,. CAT activities were
stimulated to a lesser extent when cells were supplemented with 2,4-DCP, AgNPs,
and/or Ag* for 2 h, and the maximum activity was 57.9 U/g FW in the 10-pM Ag*
sample (Fig. 4). After 24 h of incubation with these toxicants, various degrees of
suppression in CAT activity were noticed, perhaps due to a variety of inhibitory
influences of toxicants on subunits assembly or biosynthesis of the formation
of metal-enzyme complexes, resulting in changing the stru enzyme activity
of CAT (Sun et al., 2009). Specially, CAT activity ased to non-detectable levels
following exposure to 30 and 60 M AgNPs f@ g. 4B). Another possibility of
the phenomenon was that AgNP-indu tivity was high throughout the
exposure period, and that the cay® ity of SOD caused H20> accumulation,
leading to the depression o@yglson et al., 2006; Pacini et al., 2013). When the
cells were expos I centrations of 2,4-DCP (< 153 M), AgNPs (< 30 pM),
and/or Ag* (< 1 pMNor 48-72 h, CAT activities were enhanced to certain extent in
contrast to those for 2-24 h; however, higher concentrations of the toxicants
noticeably restrained CAT activity. This finding was consistent with observations in
Fig. S3 that 2,4-DCP, AgNPs, and Ag* showed the expected toxicity with greater
biocidal activity with an increase in dose. It has been addressed that recovery of
cellular growth and replication occurred more quickly at lower doses than that at
higher doses (Mcquillan et al., 2012). Recovery implied an effective adaptive
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response of microbes to toxicants, which suggested that more enzymes were produce
to repair oxidative damage. If enzyme activity under stressed conditions was still
depressed with respect to that of the control, it would take longer time for its activity
recovery, or enzyme activities cannot be recovered following high-dose and long-term
exposure to toxicants.

Besides, it is well-known that AgNPs can enter into the cells through
macropinocytosis and endocytosis (Huang et al., 2018a and b; Huang et al., 2017;
Wang et al., 2015). Internalization of AgNPs resulted in P. chyy§ospgsim being
exposed to a locally high Ag* concentration within the smaMM cells because of
large amounts of Ag* surrounding AgNP and its di tion. It was speculated that the
influences of both single AgNPs and a combir@; gNPs and Ag® on CAT

activity were more serious and more diffic covery than those of single Ag"*.

However, this is not the case. In PCAT activities under single 10 M AgNP
stress and the combined strfgs of¢0 M AgNPs and 1 pM Ag* were enhanced with
respect to those g’ and higher than those under 1 pM Ag™ treatments with
and without 2,4-DCRand 10 pM Ag" treatments at 48 and 72 h (Fig. 4C). Differences
in CAT activity between treatments of 1 uM Ag* with and without 2,4-DCP indicated
that CAT activity was reinforced by low-dose 2,4-DCP. A similar case was acquired
for POD activity evoked by single AgNPs and Ag* (with and without 2,4-DCP), as
well as their combination during the same exposure period (in section 3.5.3, Fig. 5C).
The findings not only demonstrated that Ag™ was indeed more potent than AgNPs, but

also highlighted that the dissolved Ag* could not be the predominant mechanism
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underlying AgNP-induced cytotoxicity.
3.5.3. POD activity

Changes in POD activity throughout the process were implicated in development
of lignolytic microorganisms and degradation of metabolizable constituents (Serra-
Wittling et al., 1995). The tendency of POD was similar to those of SOD and CAT
within 24 h of exposure to 2,4-DCP, AgNPs and Ag* (Fig. 5A-C). POD activities were
enhanced with the increasing levels of 2,4-DCP, AgNPs, and Ag™ at 2 h, but were
significantly inhibited compared to the control after 24 h of expRs ikewise, an
increase in POD induced by 2,4-DCP and AgNPs at 48-72 ¥led with the
increase in SOD, and over the same period, the altegns in POD achieved from

treatments with Ag* (with and without 2,4-D ombination of AgNPs and

CA &nged treatment with 2,4-DCP,
AgNPs, and Ag* induced a shar@

334.6 Ulg Fw, respectively,ghan gose in SOD and CAT, the maximum activities of
which were 281. 2PU/g Fw, respectively. Besides, the distinct difference
between POD and C§T after 48-72 h of exposure to 2,4-DCP, AgNPs, and Ag*

signified that POD was more tolerant to toxicants, playing more important roles in

Ag* were consistent with those in

in POD activities, up to 528.8, 468.8, and

detoxification of H.O> for long-term exposure than CAT doing. Meanwhile, these
results indicated that although these three enzyme activities were all at high levels
over a long period of exposure, POD exerted the most pronounced influence,
protecting P. chrysosporium against oxidative stress, chemical toxicity, and certain
chronic disorders.
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364 The changing patterns of intracellular proteins in 2,4-DCP, AgNP, and/or Ag*-
365  treated groups over the exposure time were consistent with those of antioxidative
366  enzymes SOD, CAT, and POD, which further validated the protection of antioxidative
367  enzymes against oxidative damage (Fig. S5). Detailed assessments of intracellular
368  proteins are supplied in the SI (in section 2.3). Furthermore, the enhancement in free
369 radical-scavenging enzymes (SOD, CAT, and POD) at 48-72 h also corroborated the
370  aforementioned hypothesis that lipid peroxidation for prolonged toxic exposure was
371  relieved to a certain extent by the augmenting antioxidative defs tem.

372 Interestingly, the activities of SOD, CAT and POD we ibited when P.
373 chrysosporium was exposed to toxicants for 24 h, cellular viability and ROS
374  levels following low-dose treatments were sig@ igher than those of the

375  control. This signified that for short-teggi e e, excessive free radicals could be

376  scavenged by non-enzymatic an such as glutathione, to protect P.

377  chrysosporium against oxidgtive gtress-induced cell damage.

378  3.5.4. Glutathion ()
379 To determine wiyether glutathione was effective against oxidative damage, the

380  contents of tGSH, GSH, and GSH/oxidized glutathione (GSSG) were assessed in

381  samples treated with 2,4-DCP, AgNPs, and Ag*. As noted in Fig. 6, the tGSH levels
382  changed little for 2, 48, and 72 h of exposure, except for the case of 30 M AgNPs at
383 48 h; however, greater tGSH synthesis was evident in the control and treatments with
384  0-153 iVl 2,4-DCP, 0-60 M AgNPs, and 1 pM Ag™ at 24 h. Notably, a drop in tGSH
385 levels was provoked after being exposed to high concentrations of 2,4-DCP, AgNPs,
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and Ag"* for 24 h compared to levels in the control. Meanwhile, the overall GSH
levels were low and remained almost unchanged, probably because toxicants impeded
the generation of GSH-synthesizing enzymes, such as glutamate-cysteine ligase
catalytic subunit and GSH synthetase (Piao et al., 2011). Thus, the GSSG content,
which was calculated by subtracting GSH from tGSH, was relatively high at low
toxicant concentrations and diminished with increasing doses of toxicants. These

results led to an increase in GSH/GSSG ratios, the rates of which were faster at higher

concentrations of toxicants than those at lower exposure conce gRg. In addition,
the high GSSG contents obtained at 24 h suggested that depNW GSH in the
reaction of ROS predominantly occurred over this ge®gd. Besides, linear analyses of

tGSH, GSSG, and ROS levels were performec@ NP stress (Fig. S6). ROS,

tGSH, and GSSG levels were well corgalat #h AgNP concentrations (R? = 0.961,

0.991, and 0.965, respectively), I ant correlations between tGSH, GSSG
contents, and ROS levels (Fg = and 0.953, respectively) were also observed.
The findings indi dQ,SH depletion indeed played important roles in
detoxification of oxWative stress and the potential of P. chrysosporium to toxicant
tolerance. Our results agreed with the findings of Ma et al. (2015) who reported the
involvement of glutathione in AgNP detoxification in Crambe abyssinica. Details are
provided in SI (in section 2.4).

Further information can be obtained at 24 h. There was no visible difference in
tGSH amount between the treatments of single 10 pM AgNPs and 1 uM Ag* (Fig.
6C). However, tGSH contents under combined treatments of AgNPs and Ag* were
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strikingly lower than those under single AgNPs or Ag"* stress. The lowest amount of
tGSH was achieved in 10 M Ag*-incubated cells. According to the aforementioned
analysis, surrounding each AgNP, if there was a “cloud” of Ag"™ causing adverse
effects on cellular metabolism, a higher tGSH level was not induced by single AgNPs
and a combination of AgNPs and Ag*. These observations further demonstrated that
AgNP cytotoxicity might be contributed not by dissolved Ag*, but by AgNPs
themselves.
3.6. Particle-specific toxicity mechanism of AgNPs

In consideration of the analyses of anoxidative respon D, CAT, POD,
and glutathione to the single and combined treatme f AgNPs and Ag* in P.

chrysosporium, AgNP-induced cytotoxicity W@ d presumably through a

“particle-specific” pathway, namely, byna cles themselves. To gain further

insight into the “particle-specifi | echanism of AgNPs, freeze-dried fungal
pellets from samples treate&j\/l AgNPs, 1 and 10 UM Ag*, and a
combination of 1 and 1 M Ag* were analyzed by HAADF-STEM and
EDX.

Spherical nanoparticles (bright dots) with diameters of approximately 10-20 nm
were observed in samples dosed with AgNPs alone and the combination of AgNPs
and Ag* (Fig. 7A and B), which was roughly in conformity with the size of as-
prepared AgNPs (11.9 9.4 nm) previously described (Huang et al., 2017). Although
the reduction of Ag™ to AgNPs by the reducing sugars, derived from saccharides
secreted by P. chrysosporium, has been documented (Vigneshwaran et al., 2006), no

20



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

bright dots were found in the single Ag*-treated samples in the present study (data not
shown), ruling out biosynthesis of AgNPs by P. chrysosporium. EDX observations
further confirmed that the nano-sized bright spots were mainly composed of the Ag
element, containing a trace quantity of sulfur and undetectable amount of chlorine
(Fig. 7C and D). Clear peaks at 20 values of 38.1°, which can be indexed to (111) of
the cubic crystalline structures of AgNPs, were displayed in the XRD patterns of the
mycelium samples (Fig. S7). The reason for the weak peak intensities was that AQNP
concentrations in samples were low (Chen et al., 2006).

Moreover, SEM images of the AgNPs/Ag*-treated fun obtained to
examine whether AgNPs were loaded on the surfacg8gfungal mycelia under the

stresses of single 10 M AgNPs and the comb@\ 10 M AgNPs and 1 pM Ag*

(Fig. 7E and F). The surface of both s ared clean and smooth with void

spaces but without adhered parti ver, for the combined treatment of AgNPs
and Ag*, widened and tight@a were observed (Fig. 7F), indicating that Ag*
addition indeed d es in the morphological characteristics of P.
chrysosporium. This§vas in accordance with the above-mentioned observation
regarding cellular viability. Besides, the EDX spectra were also used to analyze the
elemental composition of fungal mycelia as indicated in Fig. S8A and B. Negligible
peaks corresponding to Ag suggested only a small amount of Ag being absorbed onto
the surface of the biomass.

Collectively, it could be ascertained that AgNPs were directly taken up into the

cells and AgNP toxicity to P. chrysosporium primarily originated from the original
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AgNPs via “particle-specific” effects, excluding dissolved Ag™ and the biosynthesized
AgNPs.
4. Conclusions

In the present study, lipid peroxidation was alleviated at 48-72 h via
improvement of SOD, CAT, and POD activitives, and upregulation of proteins
production. ROS levels were well correlated with GSSG contents after 24-h AgNP
treatments, suggesting that depletion of GSH contributed to suppression of ROS
generation. Coupled with antioxidative responses under the sin@le ombined
stresses of AgNPs and Ag*, HAADF-STEM, SEM and ED tions revealed
the “particle-specific” toxicity of AgNPs to P. chry. rium. Results from this work

may be utilized to advance the mechanistic u g of the fungal toxicity

mediated by toxicants and the pathwa igh AgNPs exert cytotoxicity against

microorganisms in complex sys%
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