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Determination of inequable fate and toxicity of
Ag nanoparticles in a Phanerochaete
chrysosporium biofilm system through different
sulfide sourcesy
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Zhihua Xiao,® Feng Yi,2® Zhenzhen Huang® and Kai He®”

Nanomaterials, especially silver nanoparticles (AgNP), are widely used in consumer products, yet their envi-
ronmental fate and risk to biological wastewater treatment systems is poorly understood. In this study, we
investigated the distribution of AgNP coated with polyvinylpyrrolidone (PVP) and citrate (Cit) (PVP-AgNP
and Cit-AgNP, respectively) in a Phanerochaete chrysosporium (P. chrysosporium) biofilm microcosm, with
either the organic sulfide, cysteine, or the inorganic sulfide, Na,S, present in the test environment. Both
types of AgNP tested easily penetrated the P. chrysosporium biofilm and remained mostly in the bottom
layer (1.6-2.0 cm) when cysteine was present. In contrast, both types of AQNP remained in the surface layer
(0-0.4 cm) in an aggregated form in the presence of Na,S. An obvious particle-specific toxicity to the film
was observed, despite the inhibited Ag* release in cysteine-abundant surroundings. In the presence of
NasS, the toxicity of both types of AQNP was completely inhibited. In conclusion, this work indicates that
sulfide-induced particle stability (cysteine has no effect on Cit-AgNP and induced a smaller size of PVP-
AgNP, and Na,S caused both types of AgNP to aggregate) was crucial to AgNP transfer and toxicity in
biofilms.

This study illustrates the specific transfer of AgNP into each biofilm layer and the final removal efficiency in the presence of cysteine or Na,S. It provides
useful information to those using biofilms in the wastewater treatment field. The loss of bioavailable free silver as a result of sulfidation decreased the
overall acute biofilm toxicity, but different sulfide sources had inequable influence on the toxicity of AgNP to biofilms. Environmental sulfide may
simultaneously affect the activity of biofilm cells, in turn, producing distinguished processing capacity of wastewater. Compared to previous works, this
study has made the following progress: (1) determined the inequable fate and toxicity of AgNP induced by different sulfide sources; (2) a Phanerochaete

chrysosporium biofilm was used as the test system; and (3) studied the specific distribution in different biofilm layer depths in detail.
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1. Introduction

The wide use of silver nanoparticles (AgNP) in consumer and
health care products makes their release to waste streams
and the environment inevitable. This has raised great con-
cern about the environmental safety of AgNP."*> Once AgNP
enter aquatic environments, many factors (e.g., pH, ionic
strength, and ligands present) may cause profound physical
and chemical changes, which greatly impact the fate, trans-
port, and toxicity of AgNP.>® The insufficient knowledge of
the fate of AgNP in natural waters has made it challenging
for biological wastewater treatment systems in terms of these
emerging contaminants.®

The environmental impact of AgNP is caused mostly by
their mobility and aggregation behavior in natural and
engineered environments. These actions are governed by the
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physicochemical properties of the particles, including size
and surface charge,” ™ and are directly influenced by the so-
lution conditions.”>"* Consequently, by evaluating the effects
of each environmental factor on the physicochemical proper-
ties of the particles under controlled laboratory conditions,
specific information on the stability of AgNP can be obtained
and predictions for the fate and behavior of the AgNP in vari-
ous aquatic systems can be made.'*™*® At present, important
information on the fate of AgNP used for stability tests in ar-
tificial exposure media has been reported.'”™° Studies on the
fate of AgNP in natural freshwater locations are currently
needed to validate these results.

Recently, Wirth et al.>® have investigated the effects of ex-
posure to AgNP on the viability of a single bacterial species,
Pseudomonas fluorescens, via dye staining methods. The re-
sults indicated that the toxicity of the AgNP was strongly de-
pendent on particle stability, providing a useful metric for
the colloidal stability of AgNP that can be used in the predic-
tion of the fate and transport of AgNP in natural and
engineered systems. Common ligands that are prevalent in
aquatic systems (e.g., CI~, $*7, cysteine, and phosphate) may
react with AgNP, thus affecting their fate in the ecosys-
tem.>"** The reduced sulfur species are considered the most
important for the binding of AgNP to form Ag,S, with a high
solubility product equilibrium constant of approximately
107°°".** Different capping agents have diverse effects on
AgNP surface properties and may present distinguishable dy-
namic behavior after coming into contact with environmental
ligands. To date, no common ligands have been investigated
for their effect on special biofilms with AgNP that have been
modified with different capping agents. Furthermore, the im-
pact of common ligands on the particle-specific toxicity of
AgNP (ie., Ag" release is inhibited) is still not well
understood.

As emerging contaminants, AgNP may cause diverse re-
sponses from biological wastewater treatment technologies.
Hence, it is vital to explore, in depth, the fate and toxicity of
AgNP in a specific biological treatment system. Phanerochaete
chrysosporium (P. chrysosporium) has been used extensively in
wastewater treatment for its great vitality and strong pollu-
tion removal capacity.>>® Based on this, the objectives of
this work were to determine the fate of AgNP in biofilm sys-
tems of the model fungus, P. chrysosporium strain BKMF-
1767, and determine whether different sulfide sources induce
inequable fates. The use of a single-species biofilm micro-
cosm from natural water samples with controlled dosing of
the organic sulfide, cysteine, or the inorganic sulfide, Na,S,
represents the biological wastewater treatment system in
practical application while preserving variable control and in-
variant consistency. The dispersion of AgNP coated with poly-
vinylpyrrolidone (PVP) and citrate (Cit) (PVP-AgNP and Cit-
AgNP, respectively) within biofilms, in the presence of the or-
ganic sulfide, cysteine, or the inorganic sulfide, Na,S, was
measured to determine their specific distribution within the
biofilm layers. Because dissolved silver (Ag") release, which is
one of the disputed toxicity causes of particle-specific toxicity,
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will be affected by the sulfide, the particle-specific toxicities
of the two types of AgNP were compared. This study shows
that both particle stability and Ag" were influenced by differ-
ent sulfide sources, promoting the inequable fate in and tox-
icity to a P. chrysosporium biofilm of AgNP.

2. Experimental section

2.1. Preparation and characterization of AgNP suspensions

Two different coated AgNP, PVP-AgNP and Cit-AgNP, were
used in this study. PVP-AgNP was synthesized following the
literature®” with slight modification. Briefly, 70 mL of 1 mM
silver nitrate was reduced with 180 mL of 2 mM sodium boro-
hydride (>99% purity, Sigma-Aldrich) in the presence of
0.3% PVP10 (Mw 10 000, Sigma-Aldrich) in an ice bath. After
3 min, the solution was continuously stirred at room temper-
ature for additional 1 h. All particle suspensions were cleaned
by a diafiltration method using a 1 kDa regenerated cellulose
membrane to remove excess PVP and silver ions. The
resulting concentrated AgNP solution (37.62 mg L") with an
average primary particle diameter of 9.8 + 6.0 nm based on
transmission electron microscopy (TEM, Fig. S1A of the
ESIt), was stored at 4 °C in the dark for later use.

Cit-AgNP was synthesized according to the method de-
scribed by Liu et al.’® A 59.8 mL solution containing 0.6 mM
trisodium citrate and 0.4 mM NaBH, was prepared in double
distilled water and stirred vigorously in an ice bath. The solu-
tion turned yellow upon the addition of 0.55 mL of 23.5 mM
AgNO;, indicating the formation of the AgNP. After 3 h of ad-
ditional stirring at room temperature, the soluble by-
products were removed by diafiltration (molecular weight cut-
off of 1000). The TEM images confirmed the spheroidal parti-
cles with an average diameter of 7.3 + 8.3 nm (ESL;} Fig. S1B).

Both of the AgNP have preferable stability in stock solu-
tions (28.77 mg L™ for Cit-AgNP) with negligible size and
zeta-potential changes during the experiment in a sealed ves-
sel. The Ag' concentrations in the stock solution at 0, 1
month, 3 month, and 5 month were determined by filtering 4
mL of the stock solution through an ultrafiltration centrifuge
tube (1 kDa) and measuring the total dissolved silver concen-
tration in the filtrate by ICP-MS (ESI,;t Table S1).

2.2. Real water sample collection and pretreatment

The natural water samples (pH 7.22) were collected from
Xiangjiang River at 112.95E, 28.18 N. Before use, the water
samples were rested for 20 days and then filtered to remove
oils and excess organic impurities. The chlorine in the filtrate
was eliminated by slightly boiling the samples for 10 min.*®
No obvious interference concentrations of Ag and S>~ (Table
S21) were detected in the pretreated samples.

2.3. Strain culture

P. chrysosporium has been selected as the biofilm microbe
which has been extensively used for its ability in wastewater
decontamination. The P. chrysosporium strain BKMF-1767
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(ATCC 24725) was obtained from the China Center for Type
Culture Collection (Wuhan, China). Stock cultures were
maintained on malt extract agar slants at 4 °C. All the addi-
tional chemicals include 1.5 g L™ MgSO,7H,0, 3 g L™
KH,PO,, and 20 g L™* glucose as the carbon source. Spores
were gently scraped from the agar surface and blended in
sterile distilled water to obtain a spore suspension. The spore
concentration was adjusted to 2.0 x 10° spores per mL. Aque-
ous suspensions of fungal spores were inoculated into Kirk's
liquid culture medium in 500 mL Erlenmeyer flasks at
37 °c.*

2.4. Microcosm design and Phanerochaete chrysosporium
biofilm growth

To simulate water treatment in a biological filter system, the
microcosm was established for 180 x 130 x 150 mm environ-
mental matrices with several dots on the front wall for facili-
tating sampling (ESLj Fig. S2). The texture was treated quartz
to maximally avoid adsorbing AgNP at its walls. The micro-
cosm was soaked and washed with 3% HNO;, and then
washed with deionized water three times before filtration.
Screened white quartz sands with an average size of 3-6 mm
were also washed with 3% HNO; and deionized water, and
then filled the microcosm to 1 cm thickness at the bottom to
act as a filter pad. The quartz sands were close to the ball
with several corner angles (ESL} Fig. S3A).

After 3 days of growth in the liquid medium, P.
chrysosporium pellets (ESL} Fig. S3B) were harvested and
washed with phosphate-buffered saline (PBS) and then with
the treated water sample to remove the medium component
of the surface. The washed P. chrysosporium pellets were tiled
onto quartz sands to achieve a ~2 c¢m thick biofilm. A micro-
pump was employed to extract the water samples for the do-
mestication of the biofilm for 24 h in a waterfall manner.
The average hydraulic retention time was maintained at 15-
20 min.

2.5. AgNP filtration using the biofilm

AgNP was added in the natural water samples to achieve our
assay concentration of 2 mg L', Since our goals at this stage
were to determine the effects of sulfide on the AgNP fate, sul-
fide (1.0 mg L™ and 50.0 mg L") was mixed uniformly with
the AgNP solution before letting it flow through the biofilm
to simulate the real surroundings in a water treatment sys-
tem. Over 30 min of filtration to stabilize the contact environ-
ment, filtrates were extracted from each layer of the film (0,
0.2, 0.6, 1.0, 1.4, 1.8, and 2.0 cm) through the reserved holes
(the holes were sealed in advance except for the bottom for
the effluent).

Because no Ag* was detected in the filtrate, the AgNP con-
centration of the filtrate was determined by nitric acid/hydro-
gen peroxide digestion.>' Briefly, 50 uL of the solution was
deposited in 10 mL disposable scintillation vials. The filtrate
was digested for 24 h in triplicate with the addition of 2 mL
of HNO; and 1 mL of H,0,, followed by filtration through a
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0.45 pm filter membrane to get rid of impurities. The
resulting filtrate volume was brought to 8.05 mL with 1%
nitric acid, and its concentration was then determined by
ICP/MS.

We assess the biofilm by layers, which is based on the
depth of the film. The definite thickness of the biofilm was
defined as one layer, and the whole biofilm was divided into
several layers. The reserved AgNP by each layer of the P.
chrysosporium biofilm was calculated as (N.;—N,)/Ny x 100%,
where N_; and N; are the remaining AgNP concentrations of
t-1 and t layer filtrates, and N, (2 mg L") is the initial con-
centration of the AgNP-natural water sample mixture, respec-
tively. All data were the average of five sampling data
conducted in triplicate of each to ensure reproducibility.

2.6. AgNP toxicity to the biofilm

After the filtration, the biofilm of each layer was subjected to
toxicity assay (the cell mycelium was obtained from the same
depth of the biofilm as the sampling point of water, ie., 0,
0.2, 0.6, 1.0, 1.4, 1.8, and 2.0 cm. These samples were used to
estimate the biofilm viability at the following depths: 0-0.2,
0.2-0.6, 0.6-1.0, 1.0-1.4, 1.4-1.8, and 1.8-2.0 cm. Cell viability
assay was conducted according to Luo et al.*' and our previ-
ous report.** Briefly, 0.2 g of P. chrysosporium biofilm cells of
each layer were mixed with 1 mL of an MTT solution (5 g L™")
and the mixture was incubated at 50 °C. The reaction was
stopped by adding 0.5 ml of hydrochloric acid (1 M) to the
mixture. The mixture was centrifuged (10 000 x g, 5 min), the
supernatant was discarded, and the pellets were agitated in 6
ml of propan-2-ol for 2 h at 25 °C. The centrifugation process
was repeated and the absorbance of the supernatant was
recorded at 534 nm.

Intracellular ROS generation was assessed by monitoring
the enhancement of the fluorescence intensity of the exposed
samples relative to that of the control, as previously de-
scribed.®® P. chrysosporium cells were incubated with a
nonfluorescent dye, 2,7-dichlorodihydrofluorescein diacetate
(H,DCF-DA, 5 uM), in the incubation medium for 2 h before
filtering the AgNP solution in the dark. The biofilm cells were
then harvested and washed with PBS, and the fluorescence
intensity of the cell extraction filters was measured using a
fluorescence spectrometer (FluoroMax-4; Horiba Scientific,
Tokyo, Japan) at excitation and emission wavelengths of 485
nm and 525 nm, respectively. H,DCF-DA could be trans-
formed into the nonfluorescent 2,7-dichlorodihydro-
fluorescein (H,DCF) by intracellular esterase if it enters the
cells. In the presence of ROS, H,DCF could be oxidized to the
fluorescent 2,7-dichlorofluorescein (DCF). Therefore, an en-
hanced fluorescence signal produced from DCF is indicative
of an elevated level of ROS in the cell.

2.7. Statistical analysis

Statistical analysis was performed on each of the assays.
The tests were run three times each and each sample was
analyzed in triplicate. A one-way analysis of variance (one-
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way ANOVA) was performed with all of the samples,
and p-values < 0.05 were considered to be significantly
different.

3. Results and discussion
3.1. Particle characterization and stability

The average sizes of AgNP determined by dynamic light scat-
tering (DLS) are included in Fig. 1. The suspensions of AgNP
in pure water (deionized water, 18.25 MQ cm, and the
resulting “pure water” was also identical to “deionized wa-
ter”) showed an average hydrodynamic diameter distribution
of 39.8 + 4.3 nm for PVP-AgNP and 24.5 + 2.7 nm for Cit-
AgNP. The different size distributions obtained from trans-
mission electron microscopy (TEM) and DLS resulted from
the different measurement principles of the two technolo-
gies.** The average sizes of the PVP-AgNP and Cit-AgNP in
the treated natural water were 40.3 + 2.8 nm and 25.2 + 2.1
nm, respectively. No obvious size change was observed in nat-
ural water, indicating that both types of AgNP maintained
their stability when transferred from pure water to natural
water.

Other evidence for the stability of AgNP in natural water is
provided by the UV-vis absorbance spectra (ESIL; Fig. S4).
These display the expected localized surface plasmon reso-
nance (LSPR) absorbance peaks at 401 nm and 394 nm for
PVP-AgNP and Cit-AgNP, respectively, when initially dispersed
in pure water, and the peak positions were unaltered after
dispersal in natural water. After 2 h in natural water, the so-
lution exhibited a negligible decrease in LSPR absorbance
strength of approximately 0.30% for PVP-AgNP and 1.24% for
Cit-AgNP. Thus, the natural water did not mask the LSPR ab-
sorbance and surface properties of AgNP.>”

50

A A
40+
30 B B
20 +
104
0

PVP-AgNP PVP-AgNP Cit-AgNP Cit-AgNP

in Pure Water in Natural Water in Pure Water in Natural Water
Fig. 1 Size distribution of PVP-AgNP and Cit-AgNP in pure water and
natural water. The concentrations of both AgNP were 2 mg L™ in a
consistent volume of 4 mL of the water sample. Bars with the same
letter represent that the two are not significantly different (p > 0.05).

Average Diameter (nm)
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3.2. Sulfide effect on stability and dissolution of AgNP

The effect of the organic sulfide, cysteine, and the inorganic
sulfide, Na,S, on the stability of AgNP was determined using
DLS, as shown in Fig. 2. Cysteine did not affect the average
size of AgNP, except for a slight decrease in the size of the
PVP-AgNP (Fig. 2A). When the concentration of cysteine in-
creased to 100 mg L', the average size of the PVP-AgNP de-
creased by 37.84% compared to the initial average size,
whereas a negligible increase of approximately 3.71% was
measured in the size of the Cit-AgNP. By comparison, Na,S
induced an average size increase in both PVP-AgNP (Fig. 2A)
and Cit-AgNP (Fig. 2B). The average increases were 128.99%
for PVP-AgNP and 239.38% for Cit-AgNP in the presence of
100 mg L' Na,S. Linear fitting was performed between the
size of the AgNP and Na,S concentration. The size of both
types of AgNP correlated well with the Na,S concentration, as
seen in the following linear relationships.

y=34.33+6.48x ?=0.99 for PVP-AgNP
y=20.85+7.85x r?>=0.97 for Cit-AgNP

Therefore, cysteine and Na,$S elicited entirely different be-
haviors from AgNP in water samples. Cysteine maintained
and even enhanced the stability of the tested AgNP. However,
the linear rise in average size that occurred with increasing
Na,S concentration suggests potential agglomeration of PVP-
AgNP and Cit-AgNP at greater Na,S concentrations.®” Fig. S5A
and B in the ESIT exhibit the { potentials of PVP-AgNP and
Cit-AgNP after addition of various sulfide sources. Na,S addi-
tion induced lower C potentials in comparison with cysteine
and may account for the significant size changes in both
types of AgNP.

Sulfide at different concentrations apparently resulted in
size variation in AgNP, which is consistent with the changes
in LSPR absorbance (Fig. 3). Interestingly, a slight blue shift
(shift to the left) of the LSPR peaks was observed for the
cysteine-treated PVP-AgNP (Fig. 3A), indicating that the
smaller size of the particles corresponds to the DLS measure-
ments in Fig. 2A. This can be attributed to surface modifica-
tion of PVP-AgNP with increasing cysteine concentra-
tions.>>*” Regarding treatment with Na,S, both types of AgNP
showed a red shift (shift to the right), indicating a signifi-
cantly larger aggregated size with increasing Na,S. Sulfide
(both cysteine and Na,S) could significantly mask the LSPR
absorbance of the AgNP (including PVP-AgNP and Cit-AgNP)
in a concentration-dependent manner. Furthermore, the rela-
tively lower LSPR absorbance of AgNP at higher sulfide con-
centrations is suggestive of adequate reaction of sulfide with
the surface of the AgNP as reported by Liu et al.,>” which can
account for the size changes.

The Ag" concentrations in the filtrate from ultrafiltration
centrifugation after 2 h are shown in Fig. S6 of the ESL{ Ag"
was approximately 22.92 and 251.12 times more diluted for
the AgNP with 0.2 mg L™ cysteine and Na,S, respectively,
than for the PVP-AgNP dispersed in natural water, and ap-
proximately 20.72 and 7.86 times more diluted, respectively,

This journal is © The Royal Society of Chemistry 2016
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centrations were 2 mg L™ The size was linear fitted to the concentration of Na,S at 95% confidence intervals.

than the Cit-AgNP in natural water. The specific Ag" concen-
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tively, and 0.42 + 0.15 ug L™" and 1.17 + 0.15 ug L™, respec-
tively, for Cit-AgNP at a negligible level. With an increase in
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variable concentrations of cysteine and Na,S for 2 h. Both AQNP con-
centrations were 2 mg L™ Parts of the plots after addition of Na,S
were not shown due to strong absorbance masking, in which the ab-
sorbance peaks were not obvious.
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sulfide concentration, Ag" was diluted further. This is consis-
tent with reports that AgNP dissolution is dependent on
sulfidation ratios (S/Ag) and the dissolution rate decreases
until Ag" could not be detected as the S/Ag ratio increases.*®
In addition, the results indicate that cysteine and Na,S have
the same impact on the dissolution of AgNP with different
coatings. Based on these conclusions, in combination with
the size variation trends described earlier, it was decided that
sulfide concentrations of 1.0 and 50.0 mg L™ would be used
for the next tests to distinguish particle sizes using a model.

3.3. Effect of sulfide on the filtration efficiency of AgNP by
biofilm

Changes in the sizes of AgNP are vital factors for penetrating
a biofilm cell's extracellular polymeric substance (EPS) layer.
In the study of Wirth et al., EPS hindered the penetration of
low stability AgNP into the biofilms due to aggregated AgNP
in the surroundings. By comparison, high stability AgNP may
be able to diffuse into the biofilm matrix and gain closer ac-
cess to the cells.”® In a biofilm system, the EPS with different
chemical properties, such as surface potential and chemical
group types, is the substance in direct contact with the AgNP.
EPS played a major part in pollutant (including AgNP) ad-
sorption in biofilters. Hence, sulfide-promoted size variation
may cause changes in the stability and transfer of AgNP in
biofilms, and enhance the treatment efficiency of biofilm
systems.

To simulate the practical application, treated natural water
was used in the whole assay. The samples were collected
from different biofilm layers (i.e. 0-0.2, 0.2-0.6, 0.6-1.0, 1.0-
1.4, 1.4-1.8, and 1.8-2.0 cm of the biofilm from the surface
to the bottom were regarded as different layers for the deter-
mination of specific impacts of biofilm depth on AgNP filtra-
tion efficiency) and analyzed. Because the released Ag" is neg-
ligible (ESL;} Fig. S6), the majority of measured AgNP were in
their sulfidated form. Fig. 4 shows the percentage of retained
AgNP in the different biofilm layers after filtration with 2 mg
L' AgNP in the presence of cysteine or Na,S. One-way

Environ. Sci.: Nano, 2016, 3, 1027-1035 | 1031
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Fig. 4 Percentage of PVP-AgNP (A) and Cit-AgNP (B) in the different
biofilm layers. The distinguishable high reservation layers are indicated
by dashed circles. All plotted data were the average of at least three
independent experiments.

ANOVA indicates the statistical difference between the
retained AgNP amounts and the biofilm layer, which is pri-
marily size-oriented in terms of the layer depth with obvi-
ous AgNP retention. The majority of PVP-AgNP (Fig. 4A)
were retained in the surface layer of the biofilm after reac-
tion with 1.0 mg L™ (13.68% for 0-0.2 cm, 17.34% for 0.2-
0.6 cm, and 11.55% for 0.6-1.0 cm) and 50.0 mg L™
(22.27% for 0-0.2 cm and 35% for 0.2-0.6 cm) Na,S. This
is consistent with the increase in size of AgNP that Na,S
promoted, resulting in blockage at the surface layer. The
distinguishing retention of AgNP in any layer did not occur
at 50.0 mg L™* cysteine. Notably, 1.0 mg L™ cysteine caused a
relatively higher retention in the bottom layer of approxi-
mately 41.45% for 0-0.2 cm and 22.5% for 0.2-0.6 cm. This
is an interesting phenomenon, which can be attributed to
the higher penetration of stable AgNP into the EPS as
reported by Wirth et al.>® Colloidally stable AgNP suspen-
sions exhibited greater penetration into the EPS and were
easily retained in the layers. In combination with an ini-
tially larger particle size, the AgNP tended to stay in the
bottom layer. By comparison, 50.0 mg L™ cysteine induced
greater size reduction of PVP-AgNP than did 1.0 mg L™ cys-
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teine (Fig. 2). Hence, 50.0 mg L™ cysteine induced the
smaller size of PVP-AgNP, which outflowed with effluent in
major of its content.

Cysteine-treated Cit-AgNP were more stable and could
pass through the biofilm smoothly, except for slight
blocking (15.26%) from the 1.8-2.0 cm layer in 50.0 mg L™
cysteine. A similar trend was observed for the 50.0 mg L™
Na,S-treated Cit-AgNP. A differential phenomenon had 1.0
mg L™ Na,$ causing most of the Cit-AgNP to be deposited
at 1.8-2.0 cm in a content of 25.64% of the total amount
of AgNP. The average size of the Cit-AgNP in the presence
of 1.0 mg L™ Na,S was 45.9 + 1.0 nm (Fig. 2), which is
close to the size of the 1.0 mg L™ cysteine-treated PVP-
AgNP (39.9 + 3.2 nm). This result further indicates the size-
oriented AgNP retention.

Fig. 5 shows the removal efficiency for 2 mg L™ AgNP of
the biofilm. As for the efficiency of the final treatment, the ef-
ficiency of Na,S treatment of AgNP (both PVP-AgNP and Cit-
AgNP) was higher than that of cysteine treatment except for 1
mg L sulfide. The final retained AgNP were approximately
3.37 times higher for the PVP-AgNP with 50.0 mg L™ Na,S
than with 50.0 mg L™ cysteine, and approximately 4.21 and
1.99 times higher in terms of Cit-AgNP with 1.0 and 50.0 mg
L™ Na,$, respectively, than with cysteine. The distinguishing
higher removal efficiency of 1.0 mg L™ cysteine-treated PVP-
AgNP has been explained by the combination of higher pene-
tration and larger particle size. Therefore, inorganic sulfides
can improve the retention efficiency of AgNP in biofilm water
treatment systems (the maximum retention of AgNP by each
biofilm layer was lower than 2%, which is negligible for the
whole removal ratio, Fig. S7 in the ESIT). This provides infor-
mation to help wastewater treatment plants improve their ef-
fluent quality (such as removal of potential AgNP) in a new
direction.
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90 4 & Cit-AgNP
L ® Cysteine
® NaS
75
o
Z
L 60 4 %
kS ! ®
O 454
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i
2 207 ¢
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<4
15 L
3
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1.0 50.0 1.0 50.0

sulfide concentration (mg/L)

Fig. 5 Whole filtration efficiency of PVP-AgNP and Cit-AgNP after
adding 1.0 and 50.0 mg L™ cysteine and Na,S. Both AgNP concentra-
tions were 2 mg L™’ The error bars represent 95% confidence
intervals.
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3.4. Effect of sulfide on the toxicity of AgNP to the biofilm

Particle-specific toxicity versus Ag" toxicity has long been de-
bated in regard to the toxicity to microbes of AgNP. Some
studies have suggested that Ag" is the main toxic agent, with
AgNPs serving mainly as a source of Ag".>**° Other studies
have shown a distinct role of the nanoparticles themselves
through AgNP suspension toxicity, although the particle-
specific toxicity mechanism remains unclear.*"*> Here, we in-
dicate that “particle-specific” toxicity plays a prominent role
but without distinguishing the role of dissolved silver intro-
duced alone, ie., the effect on the biofilm was not evident
when dissolved silver was added, but AgNPs may enter cells
and deliver a high localized Ag" flux that impairs the cells.
The special biochemical toxicity mechanism was the same,
but the particle plays a major role in the toxicity process.

Fig. 6 shows that a PVP-AgNP solution with 1.0 mg L™" cys-
teine exhibits viability loss in the biofilm layer at 1.8-2.0 cm
(p < 0.001) and there is no significant difference when the
cysteine concentration increases to 50.0 mg L™ (cysteine has
no effect on the biofilm viability as shown in Fig. S8 of the
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Fig. 6 PVP-AgNP induced viability change in the P. chrysosporium
biofilm in the presence of 1.0 mg L™ sulfide (A) and 50.0 mg L™ sulfide
(B). The viability of the blank sample was set as 100%. The viability of
treated samples was a relative value in comparison with the blank. <*’
denotes p < 0.05; “**” denotes p < 0.01; and ‘***’ denotes p < 0.001
as compared to the viability of each depth; any significant difference
was determined by one-way ANOVA.
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ESIt). The toxicity of nanoparticles depends on their size,*
because a higher cysteine concentration induced the toxicity
of smaller-sized AgNP that were discharged into the effluent.
In terms of Na,S, a slightly different viability loss (p < 0.05)
at 0 cm (surface) was observed for 1.0 mg L' and the differ-
ence became more distinguishing (p < 0.01) at 0 cm and 0.2
cm for 50.0 mg L. This is consistent with the deposition of
AgNP at the upper layer (Fig. 4A). Cysteine decreased the bio-
film viability in contrast to Na,S, which indicates that Na,S-
promoted aggregation can decrease the toxicity of AgNP. In
other words, sulfidation of PVP-AgNP cannot restrain its
particle-specific toxicity as long as it is a monodispersed par-
ticle, because sulfidation will reduce Ag" release to a negligi-
ble level. This conclusion verifies the results of Yin et al. that
showed that cysteine (which binds Ag") mitigated the effects
of AgNO; but did not reduce the toxicity of AgNP treat-
ments.** In addition, a distinguishing level of biofilm viabil-
ity loss occurred at 0-0.4 cm and 1.6-2.0 cm. Hence, we di-
vided the biofilm into three levels, i.e. the upper level 0-0.4
cm, the middle level 0.4-1.6 cm, and the bottom level 1.6-2.0
cm.
For Cit-AgNP (Fig. S9 of the ESI{), 50.0 mg L™ cysteine in-
duced distinguishing viability loss in the bottom layer (1.8
cm, p < 0.01 and 2.0 cm, p < 0.001), which was also the site
of AgNP accumulation, but there was no significant differ-
ence when the cysteine concentration was 1.0 mg L. Na,S
promoted a slightly different viability loss in the bottom layer
(2.0 cm, p < 0.05) for 1.0 mg L™ and in the upper layer (0 cm
and 0.2 ecm, p < 0.05) for 50.0 mg L. A similar decrease in
biofilm viability loss in the presence of cysteine was observed
in contrast to Na,S. For the two types of AgNP, cysteine treat-
ment induced larger viability loss, especially in the AgNP ac-
cumulation sites, indicating the prominent role of particle-
specific toxicity.

To demonstrate the particle-specific effect, 2 mg L™
AgNO; was added to the sulfide to perform the toxicity assay
(Fig. S10 of the ESIT). Our results show that sulfide, especially
at higher concentrations, can effectively quench the phytotox-
icity of AgNO;. Thus, the toxicity of AgNP was clearly related
to specific particles introduced to these systems. AgNP can
provoke the biotic production of reactive oxygen species
(ROS),* and the resulting oxidative stress can be a mediator
of cell apoptosis.’® Regarding inhibition of Ag" release, both
cysteine and Na,S addition decreased the cellular production
of intracellular ROS when compared to pure AgNP (the per-
centage values are approximately 75.2% and 69.0% for 1.0
mg L™ cysteine and Na,S-treated PVP-AgNP, respectively, and
approximately 51.1% and 27.8% for 50.0 mg L™ cysteine and
Na,S-treated PVP-AgNP, respectively; Fig. S11A of the ESIf).
Similar results were observed in Cit-AgNP, as shown in Fig.
S11B of the ESL{ Although Ag" release was inhibited by both
sulfides, the ROS produced by cysteine treatment is obviously
higher compared with Na,S treated groups. The
distinguishing ROS production demonstrates that cysteine
cannot reduce the toxicity of AgNP associated with their
particle-specific toxicity. However, we did not deny the
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possibility that access to the cell and a high localized Ag" flux
to the cell could produce these results.?*” The specific bio-
chemical toxicity mechanism may be the same, but the AgNP
play a prominent role in the procedures.

3.5. Environmental implication

The organic sulfide, cysteine, and the inorganic sulfide, Na,S,
exhibited different effects on the fate of AgNP in the P.
chrysosporium biofilm (Fig. 7). Due to aggregation that oc-
curred in the presence of Na,S, AgNP in a Na,S-abundant re-
gion tended to deposit on the upper layer of the biofilm. In
contrast, cysteine stabilized the AgNP in the solution, causing
AgNP to be discharged into the effluent or mostly deposited
on the bottom of the biofim. Hence, it is important to exploit
this specific effect due to the fact that various sulfides exist
in wastewater and P. chrysosporium is used extensively in bio-
logical wastewater treatment systems. This study illustrates
the specific transfer of AgNP into each biofilm layer and the
final removal efficiency in the presence of cysteine or Na,S. It
provides useful information to those using biofilms in the
wastewater treatment field.

The loss of bioavailable free silver as a result of sulfidation
decreased the overall acute biofilm toxicity,*®*° but different
sulfide sources had inequable influence on the toxicity of
AgNP to biofilms. For cysteine, silver ion toxicity toward bio-
films was mitigated while particle-specific toxicity was
maintained for colloidally stable AgNP. Na,S seems to elimi-
nate the particle-specific toxicity due to aggregation. There-
fore, environmental sulfide may simultaneously affect the ac-
tivity of biofilm cells, in turn, producing distinguished
processing capacity of wastewater.

4. Conclusions

In summary, we investigated the distribution of PVP-AgNP
and Cit-AgNP in a P. chrysosporium biofilm microcosm, with
either cysteine, or Na,S, present in the test environment.
Both types of AgNP tested easily penetrated the P.
chrysosporium biofilm and remained mostly in the bottom
layer (1.6-2.0 cm) when cysteine was present. In contrast,
both types of AgNP remained in the surface layer (0-0.4 cm)
in an aggregated form in the presence of Na,S. An obvious
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particle-specific toxicity to the film was observed in cysteine-
abundant surroundings. In the presence of Na,S, the toxicity
of both types of AgNP was completely inhibited. This work in-
dicates that sulfide-induced particle stability was crucial to
AgNP transfer and toxicity in biofilms.
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