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Appropriate  concentration  of  AgNPs
can stimulate  the biological  removal
of Cd(II).
Added  AgNPs  were  oxidatively  dis-
solved and  transported  to  the  surface
of fungus.
AgNPs  have  undergone  coarsening  in
the  process  of  transport.
Amino,  carboxyl,  hydroxyl,  and  other
reducing  groups  were  involved  in
transportion.
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a  b  s  t  r  a  c  t

Despite  the  knowledge  about  increasing  discharge  of  silver  nanoparticles  (AgNPs)  into  wastewater  and
its potential  toxicity  to  microorganisms,  the  interaction  of  AgNPs  with  heavy  metals  in  the  biological
removal  process  remains  poorly  understood.  This  study  focused  on the  effect  of  AgNPs  (hydrodynamic
diameter  about  24.3  ±  0.37  nm)  on the  removal  of  cadmium  (Cd(II))  by  using  a  model  white  rot  fun-
gus  species,  Phanerochaete  chrysosporium. Results  showed  that  the  biological  removal  capacity  of  Cd(II)
increased  with  the concentration  of AgNPs  increasing  from  0.1  mg/L  to  1  mg/L.  The maximum  removal
capacity  (4.67  mg/g)  was  located  at 1 mg/L  AgNPs,  and  then  decreased  with further  increasing  AgNPs  con-
centration,  suggesting  that an  appropriate  concentration  of AgNPs  has  a  stimulating  effect  on the  removal

+

iological removal
hite-rot-fungus

ransport

of Cd(II)  by  P. chrysosporium  instead  of  an  inhibitory  effect.  Results  of  Ag and  total  Ag concentrations
in the  solutions  together  with  those  of  SEM  and  XRD  demonstrated  that added  AgNPs  had  undergone
oxidative  dissolution  and  transported  from  the  solution  to the  surface  of  fungal  mycelia  (up  to  94%).  FTIR
spectra  confirmed  that  amino,  carboxyl,  hydroxyl,  and  other  reducing  functional  groups  were  involved

trans +
in Cd(II)  removal,  AgNPs  

. Introduction
Nanoparticles are defined as materials with at least two  or
hree dimensions between 1 and 100 nm and materials in this
ize rang have specific mechanical, optical, electronic, and catalytic

∗ Corresponding authors. Tel.: +86 731 88822829; fax.: +86 731 88823701.
E-mail addresses: gqchen@hnu.edu.cn (G. Chen), zgming@hnu.edu.cn (G. Zeng).
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portation,  and  the  reduction  of Ag to AgNPs.
©  2014  Elsevier  B.V.  All  rights  reserved.

properties which are different from those of their respective bulk
materials [1]. Recently, silver nanoparticles (AgNPs) have received
considerable attention in the manufacturing of nanotechnology-
based consumer products because of their distinctive properties
[2]. According to the Project on Emerging Nanotechnologies (PEN),

Ag ranks the first among the most prevalent nanomaterials in con-
sumer products [3]. AgNPs are currently used in a variety of medical
and consumer products, including suture threads, surgical blades
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4], textiles, and personal care products, owing to their special
ntimicrobial, antiviral, and antifungal properties [5–7].

Concurrent with the increase in the production and application
f AgNPs, the release of AgNPs into the environment is inevitable
uring the processes of design, usage, and disposal [1,8]. AgNPs are
hus likely existed in the wastewater of sewage treatment plants
STPs) [9], thereby affecting the normal wastewater processing. So,
emoval of ubiquitous heavy metals in the sewage treatment unit

ay  also be affected by the discharge of AgNPs into STPs.
However, information about the composite effect of nanopar-

icles and heavy metals in the literature is limited. The currently
ublished reports are mostly concerned with the removal of heavy
etals (such as Hg2+, Pb2+, Co2+, and so on) from wastewater

sing Au@SiO2, Fe3O4@SiO2, and other functionalized nanoparti-
les [10,11] or some metal nanoparticles (such as AgNPs and AuNPs)
ct as a sensor for the detection of Hg2+, Cu2+, and other heavy met-
ls [12,13]. And previous studies on AgNPs have mostly focused on
heir toxicity to different organisms [14–16] and the exploration of
heir toxic mechanism [17,18]. Consequently, little is known about
he influence of AgNPs on the biological removal of heavy metals
rom wastewater.

The aim of this study was to investigate the effects of AgNPs on
he removal of heavy metals by microorganisms. Cd(II) was selected
s the typical heavy metal in STPs because of its widespread
ischarge from the industrial process of electroplating, battery
anufacturing, and mineral processing [19,20]. Phanerochaete

hrysosporium (P. chrysosporium), the model species of white-rot
ungi, was selected as the testing microorganism as it can tolerate
d(II) to certain degree (2–30 mg/L) and remove them effectively

rom wastewater (maximum of 84%) according to our previous
tudies [21].

To the best of our knowledge, this is the first report of the
ffects of AgNPs on the removal of Cd(II) from aqueous solu-
ions by P. chrysosporium. In this study, AgNPs were synthesized
n the laboratory and characterized by Ultraviolet–visible (UV–vis)
pectrophotometry, dynamic light scattering (DLS), transmission
lectron microscopy (TEM), and X-ray diffraction (XRD). In order
o investigate the influence of AgNPs on the removal of Cd(II)
y P. chrysosporium and the dissolution and transport of AgNPs,
he concentrations of Cd(II), Ag+, and total Ag (including Ag+ and
gNPs) in the solutions were determined respectively. The pH val-
es of the solution and concentrations of extracellular proteins of
. chrysosporium were also analyzed in this research. These data
ogether with the results from scanning electron microscopy (SEM),
ourier transform infrared spectrometry (FTIR), and XRD facilitated
larification of the mechanisms involving in the removal of Cd(II),
he release of Ag+, and the transport of AgNPs in the solutions.

. Materials and methods

.1. Synthesis and characterization of AgNPs

Citrate stabilized AgNPs were prepared in this study. This
ind of particles was selected because it could be found in con-
umer products popularly and would be released into wastewater
treams.The citrate coated AgNPs were synthesized following a
rotocol adapted from He et al. [14] with little modification about
he stirring rate. In the process of ice bath and room temperature
tirring of 3 h, the stirring rate was 540 r/min.

The citrate AgNPs suspensions were prepared daily. Several pre-
ared AgNPs, which were synthesized in the same conditions and
n the same day, were concentrated into a stock solution using cen-
rifugal ultrafiltration (Amicon Ultra-15 3K, Millipore, USA). And
he real concentration of AgNPs stock solutions were measured by
ame atomic absorption spectrometry (AAS700, PerkinElmer, USA)
aterials 285 (2015) 236–244 237

after HNO3 digestion. AgNPs concentrations used in this research
were prepared by diluting the stock solutions to the desired concen-
trations. The dissolved fraction of the AgNPs stock solution was  <1%
as determined by analyzing the filtrate of ultrafiltration centrifuged
stock suspension (Amicon Ultra-0.5 3K centrifugal tube, Millipore)
using ICP-OES (IRIS Intrepid II XSP, Thermo Electron Corporation,
USA).

The UV absorption spectrum of the stock AgNPs suspensions
was measured using a UV–vis light spectrophotometer with the
wavelength from 300 to 700 nm (Model UV-2550, Shimadzu,
Japan). AgNPs size distributions were determined using a Zetasizer
Nanoseries (Malvern Instruments) with a 633 nm laser source and a
detection angle of 173◦. The surface charge of AgNPs was evaluated
with the same instrument.

Morphology of citrate coated AgNPs was  characterized by trans-
mission electron microscope on a JEOL JEM-3010 (JEOL, Japan) at
120 kV equipped with an energy dispersive X-ray (EDAX) attach-
ment. TEM samples were prepared by placing a drop of stock AgNPs
suspension onto a carbon-coated copper grid and dried at room
temperature overnight. A probe sonicator (SCIENTZ-IID, Ningbo,
China) was  used to suspended citrate coated AgNPs in double
deionized water (DDI, 18.25 M� cm)  in ice bath as described by
Meyer et al. [15].

XRD analysis of the synthesized AgNPs was conducted to fur-
ther identify the formation of AgNPs in this research. The samples
were prepared by concentrating the AgNPs stock solution with a
centrifugal apparatus (H-1850, Dongwang, China) and vacuum dry-
ing the concentrated sampled with an electric vacuum drying oven
(DZF, Yongguangming, Beijing, China). Then samples were analyzed
with an automatic X-ray diffractometer (D8 Discover-2500, Bruker,
German).

2.2. Microorganism and chemicals

The white-rot fungal strain P. chrysosporium (BKMF-1767) used
in this study was  obtained from the Chinese Typical Culture Center
of Wuhan University (Wuhan, China). Stock cultures were main-
tained at 4 ◦C on malt extract agar slants. Mycelial suspensions were
prepared in sterile distilled water, and the spore concentration
was adjusted to 2.0 × 106 CFU/mL using a turbidimeter (WGZ-200,
Shanghai, China). P. chrysosporium aqueous suspensions were pre-
pared by transferring the fungal spores to Kirk’s liquid culture
medium [22] in 500 mL  Erlenmeyer flasks. Then flasks containing
fungal spores were incubated in an incubator under150 r/min for 3
days at 37 ◦C.

1 g/L Cd(II) solution was prepared as the experimental stock
solution via dissolving Cd(NO3)2·4H2O in ultrapure water. The
exact concentration of the Cd(II) stock solution was determined by
AAS. All the chemicals used in this study were analytical reagent
grade. Test solutions were prepared by diluting the stock solu-
tions to the desired concentrations. The pH value of the solution
in this study, determined by a pH meter (FE20 Mettler Toledo,
Switzerland), was  adjusted by 0.1 mol/L NaOH or HNO3 solutions.

2.3. Experimental procedures

After three days of incubation, the pH of P. chrysosporium aque-
ous suspension was  adjusted to 6.5 with 0.1 mol/L NaOH or HNO3
using a pH meter according to our previous study [21]. Several
milliliters of Cd(II) solution were added to the flasks to ensure the

final concentration of 5 mg/L. AgNPs concentrations used in the
experiments were 0.1, 1, 5, 10, and 30 mg/L. Several milliliters of
AgNPs were added to the solutions respectively. Flasks containing
5 mg/L Cd(II) without AgNPs were used as the control. All flasks
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ere incubated at 37 ◦C in an incubator under150 r/min. Three
eplicates were performed for each treatment.

.3.1. Detection of pH values, dissolved protein content, and
d(II) concentration

Aliquot samples were collected from the flasks at specific time
ntervals (2, 4, 6, 9, 12, 24, 36, 48, 60, 72, and 84 h) and used for
he detection of dissolved protein content, concentrations of Cd(II),
g+, and total Ag. The pH values of the solution were also measured
sing a laboratory pH meter. Content of the dissolved protein in
xtracellular medium was determined via the Coomassie Brilliant
lue method with UV–vis spectrophotometer (UV754N, Shanghai,
hina) at 595 nm [21]. Samples were centrifuged at 10, 000 r/min

or 10 min, and the supernatant was used for analyzing the residual
d(II) in the solutions by AAS.

.3.2. Concentrations of Ag+ and total Ag in the solution
Concentrations of Ag+ and total Ag were determined using

CP-OES with different treatment of the collected samples. To deter-
ine the concentrations of Ag+, samples were firstly filtered with

.22 �m filter membrane and centrifuged with ultrafiltration cen-
rifuge (Amicon Ultra-0.5 3K, Millipore, USA) [23]. Then the filtrate
as acidified with HNO3 and measured with ICP-OES. Total Ag was

efined as the concentration of all Ag species originating from the
gNPs. To obtain the concentration of total Ag in the solutions, the
ollected samples were digested with nitric acid and H2O2 accord-
ng to the procedures of Cornelis et al. [24] and then the digested
amples were used for the determination of total Ag using ICP-OES.

.4. Characterizations of fungi after experiment

Pellets of P. chrysosporium were harvested by filtering after 3
ays of incubation and were defined as the native fungus. Mycelium
ellets in the control were collected with the same procedure after
he experiment. Pellets in flasks with 5 mg/L Cd(II) and different
ontent of AgNPs were also filtered after experiment and used as
he experimental samples. All the harvested pellets were washed
hree times with sterile distilled water and then dried at −40 ◦C
n a freezer dryer (FD-1, Boyikang, Beijing, China). Three kinds of
ry fungal pellets from native fungus, control, and the flasks with
gNPs and Cd(II) were used for the following studies.

.4.1. SEM analysis
In order to measure the surface characteristics of the three kinks

f freeze-dried fungus, SEM (FEI QUANTA-200, FEI, USA) equipped
ith an EDAX attachment instrument was used. Scanning trans-
ission electron microscopy (STEM) analysis in high-angle annular

ark field (HAADF) mode was used to investigate whether physical
r chemical transformation of AgNPs had occurred in the solution.
reeze-dried fungal pellets collected from the solution with Cd(II)
nd AgNPs were ground in mortar with methanol [25]. A drop of the
round solution was transferred to a carbon-coated copper grid and
ried at room temperature overnight. Micrographs were obtained
sing Tecnai G2 F20 S-TWIN (STEM, FEI, USA) coupled with an EDAX
ystem.

.4.2. FTIR and XRD analysis
For FTIR analysis, the freeze-dried mycelium pellets from the

ative, control, and experimental groups were powdered with
ortars and the characteristic was obtained on an IR spectropho-

ometer (WQF-410, Beijing, China) with KBr tablet as reference.

he freeze-dried cell pellets from the AgNPs-treated groups were
lso powdered for XRD analysis with the synthesized AgNPs as
eferences. The patterns were recorded using an automatic X-ray
iffractometer.
aterials 285 (2015) 236–244

2.5. Statistical analysis

Removal rate and amount of removed Cd(II) by unit amount
of dry mycelium (mg  Cd(II) per g dry fungus) were calculated by
following equations:

Removal rate =
(
C0 − C

C0

)
× 100% (1)

q = V

M
× (C0 − C) (2)

where C0 and C (mg/L) were concentrations of the initial and resid-
ual Cd(II) in the solution; q (mg/g) was the amount of removed Cd(II)
by unit amount of dry mycelium pellets; V (L) was  the volume of
the solution; M (g) was  the dry weight of filtered mycelium pellets
after three days of incubation and treatment of freeze drying.

Results in this research were presented as mean of triplicate
assays, and standard deviation was  used to analyze experimental
data. All of the data were analyzed and mapped with Origin 8.0
software.

3. Results and discussion

3.1. Characterization of synthesized AgNPs

Fig. 1A showed the UV–vis absorption spectrum of synthesized
AgNPs in DDI water. The absorption peak of the synthesized citrate-
coated AgNPs was  394 nm,  which corresponded to the results
of Liu and Hurt [26]. Synthesized AgNPs had a negative surface
charge (−47.2 mV of �-potential). DLS results showed that the mean
hydrodynamic diameters of synthesized AgNPs in DDI water was
approximately 24.3 ± 0.37 nm (inset in Fig. 1B).

TEM image of synthesized AgNPs was presented in Fig. 1B. The
average diameter of these particles was  estimated at approximately
25.0 nm from TEM. The difference in the average particle size by the
two techniques (DLS and TEM) could be due to the slight aggrega-
tion occurring during TEM sample preparation. TEM micrograph
revealed that the synthesized AgNPs were spherical. The EDAX
spectrum of the black spherical dots in the TEM image was shown
in Fig. 1C. There was  an obvious peak of Ag in the EDAX spectrum,
which demonstrated that the black dots in TEM image contained
Ag.

The XRD pattern of synthesized AgNPs exhibited prominent
broad peaks at 2� values of 38.1◦, 44.09◦, 64.36◦, and 77.29◦

(Fig. 1D), which could be assigned to the diffraction signals of (1 1 1),
(2 0 0), (2 2 0), and (3 1 1) facets of Ag, respectively, with reference
to Vigneshwaran et al. [27]. Coupled with above results, it could
be concluded that AgNPs had been successfully synthesized in this
research.

3.2. Effects of AgNPs on the removal of Cd(II)

To understand the effects of AgNPs on Cd(II)-removal efficiency,
Cd(II) concentrations in the solution were determined at indicated
time intervals. The results were presented in terms of biological
removal capacity in Fig. 2. It could be seen from Fig. 2 that the
initial concentrations of AgNPs significantly influenced the Cd(II)
removal capacity. The removal capacity of Cd(II) increased with the
increasing of initial AgNPs concentration from 0.1 to 1 mg/L. And
the maximum removal capacity of Cd(II) (4.67 mg/g) was achieved
at an initial AgNPs concentration of 1 mg/L.

AgNPs, as a new kind of pollutant, have been reported to be
toxic to a variety of microorganisms [15,16,28], algae [14], and fish

[29]. However, results of this research demonstrated that the use of
appropriate concentration of AgNPs had a promotional effect on the
removal efficiency of Cd(II) from the solution by P. chrysosporium
rather than inhibited the activity of fungus.  The removal efficiency
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Fig. 1. Characterization of synthesized AgNPs: (A) UV–vis absorption spectrum. (B) TEM im
(C)  EDAX analysis of the black spherical dots in TEM image. (D) X-ray diffraction.

Fig. 2. Biological removal capacity of P. chrysosporium to 5 mg/L Cd(II) in the present
of  different concentrations of AgNPs.
age. Inset at the right corner gave hydrodynamic diameters of synthesized AgNPs.

of Cd(II) decreased with the concentration of added AgNPs further
increasing to 5, 10, and 30 mg/L (Fig. 2). These results indicated that
use of a higher concentration of AgNPs may suppress the Cd(II)-
removal efficiency of P. chrysosporium instead of stimulate it.

The positive effect of AgNPs to the removal of Cd(II) by P.
chrysosporium can be attributed to the overcompensatory behav-
ior of microorganisms. Xiu et al. [18] have reported that a sublethal
concentration of AgNPs can stimulate the survival of Escherichia coli
and hinder antimicrobial applications due to activation of repair
mechanism of the cells against toxicant under low dose of AgNPs,
which may  overcompensate for the toxic exposure. Similar stim-
ulatory effects at low doses of AgNPs have also been observed
in biofilms treated with AgNPs [30]. In this study, the maximum
removal capacity of Cd(II) occurred at an initial added AgNP concen-
tration of 1 mg/L, which is a relatively low dose to P. chrysosporium
compared to the higher concentrations of 5, 10, and 30 mg/L. This
low concentration of AgNPs may  motivate the overcompensatory
mechanism of P. chrysosporium,  thus stimulating the removal of
Cd(II) from the aqueous solutions.

Our previous study has demonstrated that P. chrysosporium may
secrete extracellular protein upon exposure to heavy metals [21].

In the present study, the results of extracellular protein content
(Table 1) indicate the presence of abundant protein in the solution.
Relative literature reported that natural organic matter (NOM) may
cause the surface of AgNPs to be more negatively charged, some-
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Table 1
Extracellular protein concentrations of P. chrysosporium during incubation.

AgNPs concentration (mg/L) 0 h 2 h 4 h 6 h 9 h 12 h 24 h 36 h 48 h 60 h 72 h 84 h

0 0.243 0.217 0.210 0.193 0.164 0.162 0.206 0.256 0.278 0.267 0.259 0.278
0.1 0.230  0.205 0.202 0.188 0.142 0.094 0.113 0.129 0.134 0.139 0.149 0.150
1  0.225 0.184 0.175 0.181 0.153 0.138 0.176 0.214 0.255 0.242 0.246 0.247
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fur compounds may  also contribute to the suppression of further
dissolution of AgNPs in this system.
5  0.191 0.168 0.156 0.137 0
10  0.239 0.208 0.216 0.204 0
30  0.254 0.230 0.227 0.219 0

hat decreasing inhibitory effects of AgNPs on bacterial growth
31]. The presence of large amounts of functional groups such as
arboxyl, amino, and hydroxyl groups in the extracellular protein
as similar effect as that of NOM to AgNPs. Electrostatic repul-
ion between AgNPs and the negatively charged fungal cell wall
an therefore reduce the toxicity of AgNPs to the fungus. How-
ver, the inhibitory effect of AgNPs to the fungus may  intensify
hen the increased concentration of AgNPs exceeded the amount

f functional groups of proteins provided by the fungus, which may
eaken the stimulatory effect of AgNPs on the removal of Cd(II)
ith the concentration of AgNPs increasing from 1 to 30 mg/L.

Ag+ released from the crystalline core of AgNPs is the major
actor responsible for the toxicity of nanomaterials [18]. It has
een reported that NOM can also bind with the bioavailable
g+ [30]. NOM-like extracellular protein provided by the fungus
ay  combine with the released Ag+ to decrease the toxicity of

gNPs on microorganisms. Our previous studies have reported that
. chrysosporium may  secrete extracellular polymeric substances
EPS) during their exposure to toxic substance [32]. EPS can act as a
arrier to antimicrobial transport of AgNPs into the microbial cells
nd avoid direct contact of AgNPs with the cell [30], reducing the
oxicity of AgNPs on the microorganisms.

.3. Oxidative dissolution and transport of AgNPs

.3.1. Oxidative dissolution of AgNPs
Ag+ was derived from the dissolved AgNPs. Fig. 3A demonstrated

hat the dissolution rate of added AgNPs increased rapidly in the
rst 12 h for all concentrations of AgNPs, and reached a plateau at
bout 36 h. Ag+ can be released from AgNPs following oxidation of
g (0) on the nanoparticles surface:

Ag0 + O2 → 2Ag2O (3)

Ag2O + 4H+ → 4Ag+ + 2H2O (4)

The equations given above indicate the necessity of oxygen in
he dissolution process of AgNPs. Because of flasks in this exper-
ment were incubated under rotation of 150 r/min, there was  an
xcess of dissolved oxygen in the system, which could accelerate
he oxidative dissolution of AgNPs.

Previous studies suggested that low pH environment can pro-
ote the dissolution of metal nanoparticles [26,33]. The pH values

f the solution in this study decreased during the incubation pro-
ess (Table 2) probably due to the production of organic acids such
s oxalic acid during the metabolic process of the fungus [34]. The
ecreased pH value of the solution may  account for the increase of
g+ concentration in the solution.

Release of Ag+ can be highly variable in the presence of microor-
anisms. The metabolic state of microbes can affect the dissolved
xygen concentration and pH of the solution, remove the polymeric
ubstances coating AgNPs, and increase the Ag-dissolution gradient
y binding the released Ag+ [5,18,31]. Therefore, the dissolution of

gNPs may  be affected by the metabolic state of P. chrysosporium

n this study.
Release of Ag+ can be restrained by coating the citrate-capped

gNPs with humic acid (HA, a typical NOM) [26]. In addition, HA
0.152 0.185 0.212 0.215 0.210 0.223 0.229
0.249 0.269 0.287 0.289 0.277 0.277 0.276
0.229 0.252 0.279 0.280 0.283 0.286 0.287

could adsorb to the surface of nanoparticles and block surface sites
to hinder the dissolution of nanoparticles [26]. As mentioned above,
P. chrysosporium can secrete some organic acids such as oxalic acid
during its metabolic process which may  act like HA and hinder fur-
ther dissolution of AgNPs. Insufficient dissolution of AgNPs resulted
in a plateau of Ag+ concentration in the solution at approximately
36 h, with no further increase in the concentration. Moreover, Ag+

can bind strongly with organosulfur compounds, with the greatest
affinity for thiol-containing ligands [33]. P. chrysosporium may pro-
duce organosulfur compounds such as glutathione due to oxidative
stress [35] or exposure to toxic Cd(II) and AgNPs. These organosul-
Fig. 3. (A) Concentrations of Ag+ in the solutions. Inset gave enlarged view of results
from 0 to 24 h. (B) Changes of total Ag concentrations in solutions.
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Fig. 4. SEM and EDAX analysis: (A) SEM image for native fungal pellets (B) SEM spectrum for fungal cell pellets in control. (C) EDAX analysis for particles appeared in Fig. 4B.
(D)  HAADF-STEM image of freeze-dried fungal pellets from AgNPs-treated samples. (E) EDAX spectrum for the bright spots appeared in Fig. 4D.
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Table 2
Changes of pH values of the solution.

AgNPs concentration (mg/L) 0 h 2 h 4 h 6 h 9 h 12 h 24 h 36 h 48 h 60 h 72 h 84 h

0 6.52 7.13 7.17 7.17 6.92 7.36 7.11 6.10 4.91 4.71 4.00 3.86
0.1 6.52 6.94 6.96 7.03 6.87 5.15 5.09 5.12 4.53 4.30 4.02 4.15
1  6.51 7.02 7.05 7.07 6.99 5.23 5.34 5.13 5.13 4.68 3.80 3.90

7.11 5.74 5.13 5.08 5.04 4.29 3.75 3.85
7.42 7.17 5.04 5.13 4.90 4.13 3.86 4.01
6.68 6.55 5.03 4.88 4.82 4.33 3.83 3.84
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5  6.52 7.25 7.21 7.18 

10  6.49 7.16 7.22 7.23 

30  6.51 6.72 6.78 6.77 

.3.2. Transport of AgNPs in the solutions
The total Ag content was defined as the concentration of all

g species (including Ag+ and AgNPs) originating from the initial
gNPs. Changes in the total Ag content in the solutions during the
xperiment were illustrated in Fig. 3B. The concentration of total
g decreased for all concentrations of AgNPs, demonstrating that
gNPs and other forms of Ag were transferred from the solution
hase to the biological phase. The transportation rates of all forms
f Ag were 94%, 85%, 78%, 72%, and 88% at the initial AgNPs con-
entrations of 0.1, 1, 5, 10, and 30 mg/L, respectively. In addition,
ransport of AgNPs occurred more rapidly during the first 24 h for
ll AgNP-treated samples.

As the total Ag content was contributed by all Ag species origi-
ating from the added AgNPs, the final concentration of total Ag in
he solution was affected by the decrease in the concentration of
g+ and AgNPs. Previous analysis had indicated that release of Ag+

ould be inhibited by the action of organic acids and organosulfur
ompounds secreted by P. chrysosporium.  In aquatic system, NOM
layed an important role in determining the environmental fate
nd transport of AgNPs by influencing the physicochemical prop-
rties and thereby altering the agglomeration, bioavailability, and
oxicity of AgNPs [36]. Biomacromolecules (such as extracellular
roteins listed in Table 1) produced by P. chrysosporium were simi-

ar to NOM in their functional groups (such as hydroxyl and amino).
omplexation of Ag+ and AgNPs with biomacromolecules secreted
y the fungus and the binding of AgNPs with the functional groups
n the fungus cell wall (further explained in Section 3.4.3) together
ecreased the concentration of total Ag in the solutions.

.4. Mechanism exploration for the removal of Cd(II) and the
ransport of AgNPs

.4.1. SEM–EDAX analysis
Dry mycelial pellets (native and cells in the control groups)

ere analyzed by SEM and EDAX to obtain a better understand-
ng of Cd(II) removal. As shown in Fig. 4A, the surface of the native
ungus appeared smooth and clean without any absorbed parti-
les, while several particles were dispersed on the control mycelial
urface (Fig. 4B). The EDAX spectrum of the particles in Fig. 4B
as presented in Fig. 4C. The clear peak of Cd in the EDAX spec-

rum demonstrated that Cd(II) was loaded on the mycelium of P.
hrysosporium.

To gain further insight into the transport and fate of AgNPs, high-
ngle annular dark field scanning transmission electron microscopy
HAADF-STEM) was used for analyzing the AgNPs-treated mycelial
ellets. Fig. 4D showed the typical image of biosolid loaded with
anoscale particles (bright dots) recorded on the TEM by using
he HAADF detector. Further analyses of the bright spots by EDAX
onfirmed the presence of Ag element in these region (Fig. 4E),
ndicating that Ag was transferred to the biological phase.

.4.2. XRD analysis

To better understand the existing form of Ag in the HAADF-

TEM image, freeze-dried cell pellets from the flasks with Cd(II)
nd AgNPs were powered and used for XRD analysis. Fig. 5 showed
hat the characteristic peaks of the AgNPs-treated pellets (B) were
Fig. 5. XRD pattern for freeze-dried cell pellets from the AgNPs-treated samples.

identical to those of the previously synthesized AgNPs (A) and the
PDF card reference. This result suggested that the bright dots on the
HAADF-STEM image were AgNPs. However, the size of the AgNPs
was larger comparing to that of our synthesized AgNPs, indicating
that aggregation occurred during the transport process.

However, it could not be ascertained whether the AgNPs loaded
on the surface of fungal mycelia were completely contributed by
the added AgNPs. Because Ag+, released from AgNPs, can also be
reduced to nanoscale zero-valent state by the reducing components
in the solution. Vigneshwaran [27] reported extracellular synthesis
of AgNPs by P. chrysosporium.  The author reported that the reduc-
ing sugars derived from the saccharides were responsible for the
reduction of Ag+ to AgNPs. Therefore, AgNPs appearing on the sur-
face of the fungus may  be partially contributed by the released
Ag+ that was  reduced by the reducing components produced by
P. chrysosporium.

Akaighe et al. [37] also reported the formation of AgNPs by
reduction of Ag+ using HA at room temperature. HA contains func-
tional groups such as hydroxyls, aldehydes, ketones, and thiols that
could serve as the reduction sites for metal ions. The results of
FTIR analysis (Section 3.4.3) demonstrated that similar functional
groups were presented on the surface of the fungal mycelia, which
may  be involved in the reduction of Ag+ to AgNPs.

3.4.3. FTIR analysis
In order to determine the functional groups responsible for the

removal of Cd(II), the transport of AgNPs, and maybe the reduction
of Ag+, FTIR analysis of the fungal pellets from native, control, and
AgNPs-treated groups were performed (Fig. 6).

The strong, broad infrared (IR) absorption band at 3354 cm−1 for
the native fungus was  a characteristic of the O H stretching vibra-
tion of the carboxyl group. The characteristic peak of O H shifted to

3414 cm−1 for fungus treated with Cd(II) and AgNPs, indicating that
the oxygen atoms were the binding sites for Cd(II) and Ag. In addi-
tion, the reducing O H group may  be also involved in the reduction
of Ag+ to AgNPs.
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Fig. 6. FTIR analyses for freeze-dried cell pellets from native (A), control (B) and
A
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gNPs-treated samples (C).

Within the region of 3500–3300 cm−1, the N H stretching
ibration bands of the fungus may  overlap with the strong and
arge band of the carboxyl group [38]. Both of N H and carboxyl
roups offered more binding sites for Cd(II), Ag+, and AgNPs. Peaks
t 1743 cm−1 and 1654 cm−1 were the characteristics of C O group
tretching from the aldehydes and ketones. The reduced aldehydes
nd ketones may  be responsible for the reduction of Ag+ to AgNPs.
he absorption peak at 1743 cm−1 disappeared after the addition of
d(II) and AgNPs, indicating the reaction of Cd(II), Ag+, and AgNPs
ith peptide bond.

The spectra displayed two absorption bounds at 1637 cm−1

nd 1545 cm−1 corresponding to the stretching vibration of amide
 (C O) and amide II (N H) of polypeptides or proteins [39].
he weakened intensity of the 1545 cm−1 band in Fig. 6B and

 demonstrated that N H was involved in the removal of Cd(II)
nd the transport of AgNPs. The absorption peak at 1381 cm−1

as a characteristic of the carboxyl groups that may  indicate
he typical carboxyl adsorption of metal ions. In addition, peaks
t 891 cm−1and 773 cm−1 could be assigned to the asymme-
ry stretching of P O S and the deformation vibration of N H,
hereas the peaks appearing at 621 cm−1 and 576 cm−1 might rep-

esent stretching vibration of P S. Cd(II) and Ag+ may replace the
ites of S and thus bonded on the surface of the fungus.

. Conclusions

This research found that appropriate concentration of AgNPs
an stimulate the removal of Cd(II) by P. chrysosporium in aqueous
olutions instead of inhibit the activity of the fungus. This positive
ffect of AgNPs on biological removal of Cd(II) is a unique supple-
ent to the toxic effects of AgNPs to microorganisms. In this study,

he added AgNPs in the solutions were oxidatively dissolved and
ransferred from the solution to the surface of fungal mycelia (maxi-

um of 94%). Amino, hydroxyl, and carboxyl groups as well as other
educing functional groups provided by P. chrysosporium played an
mportant role in the removal of Cd(II), transport of AgNPs, and
he reduction of Ag+ to AgNPs. However, whether the total AgNPs
dsorbed on the surface of fungal mycelia were fully contributed

y the added AgNPs or whether some of them were contributed by
g+ reduced by ubiquitous reducing components in the solutions
eeds to be investigated in further studies.
aterials 285 (2015) 236–244 243
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