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Abstract Silver nanoparticles (AgNPs) are widely used in
commercial products because of their excellent antimicrobial
activity. Entrance of AgNPs and its released Ag ions (Ag+)
into wastewater treatment plants could harm ammonia oxida-
tion (AO) process resulting in environmental problems. This
study investigated inhibitory kinetics and mechanism of AO
from nitrifying sludge influenced by AgNPs and Ag+. The
findings demonstrated that AgNPs and Ag+ adversely influ-
enced on AO. Silver ions were more toxic to AO than AgNPs,
which was indicated by the lower inhibitory constant (Ki) of
0.29mg/L compared to that of AgNPs (Ki of 73.5mg/L). Over
the experimental period of 60 h, AgNPs at 1, 10, and 100 mg/
L released Ag+ in the average concentrations of 0.059, 0.171,
and 0.503 mg/L, respectively. Silver nanoparticles of 1–

100 mg/L inhibited AO by 45–74%, whereas Ag+ of 0.05–
0.50 mg/L inhibited AO by 53–94%. This suggested that the
AgNP toxicity mainly derived from the liberated Ag+.
Scanning electron microscopy results revealed that AgNPs
attached on microbial cell surfaces, and both AgNPs and
Ag+ induced cell morphological change from rod shape to
shorter rod shape. Transmission electron microscopy showed
that AgNPs and Ag+ diminished the thickness of the outer
layer and reduced the density of internal parts of the exposed
microbial cells, which could be the reasons for the morpholo-
gy change. Live/dead results also confirmed that AgNPs and
Ag+ damaged membrane integrity of cells in the nitrifying
sludge. This study suggested that the primary mechanism for
toxicity of AgNPs was the liberation of Ag+ and then both of
silver species caused cell death.

Keywords AgNPs . Ammonia oxidation . Inhibitory
kinetics . Nanosilver . Nitrifying sludge . Silver ions

Introduction

Silver nanoparticles (AgNPs) are extensively used in many
consumer and medical products due to its high surface area
and excellent antimicrobial activity (Massarsky et al. 2014).
With increasing production and use, AgNPs were expected to
be washed out from consumer products and unavoidably oc-
curred in wastewater treatment plants (WWTPs) (Choi et al.
2009; Gu et al. 2014; Westerhoff et al. 2013). For instance,
it was reported that 190 to 410 t of silver used in global
textile and plastic industries were annually released to waste-
water treatment systems (Siripattanakul-Ratpukdi and
Fürhacker 2014). Former studies showed that silver was de-
tected ranging from 4 μg/L to 1 mg/L and 2 to 195mg/L in the
influent concentration and biosolid concentration of WWTP,
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respectively (Schildkraut et al. 1998; Shafer et al. 1998;
USEPA 2009).

Since silver is classified as a highly toxic, persistent, and
accumulated chemical, the performance of WWTPs may be
adversely impacted due to the interactions between AgNPs
and activated sludge (Gu et al. 2014; Siripattanakul-
Ratpukdi et al. 2014). Nitrification process is known as the
most sensitive process in WWTPs. The nitrification process
includes ammonia oxidation (AO) and nitrite oxidation reac-
tions. This AO, which was the rate-limiting step of the pro-
cess, was previously found susceptible to AgNPs (Choi et al.
2008; Gu et al. 2014; Yang et al. 2013). Silver speciation
related to AgNPs included AgNPs themselves and released
silver ions (Ag+). During AgNP oxidation, reactive oxygen
species (ROS) could be created (Li et al. 2015; Massarsky
et al. 2014; Yuan et al. 2013). Prior studies discovered that
both AgNPs and Ag+ clearly affected a wide range of organ-
isms including nitrifying microbes (Choi et al. 2008; Yang
et al. 2014). Among previous works, roles of AgNPs or the
released Ag+ to overall toxicity of AgNPs suspension were
found differently due to varying experimental conditions in-
cluding tested conditions, types of AgNPs, and nitrifying cul-
tures. This inconclusive phenomenon was inadequate to final-
ize environmental treatment technology and management.

The aim of this study was to determine influence of silver
species related to AgNPs on AO process. Inhibitory kinetics
and mechanism of AO activity were investigated. Observation
of microbial cell physiology, community, and viability using
microscopic techniques including scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and
confocal laser scanning microscopy (CLSM) was carried
out. The result from this study can be used as the fundamental
information for WWTP design and operation later on.

Materials and methods

Source of AgNPs and Ag+

Silver nanoparticles (5000 mg/L) were purchased from
PrimeNANO technology (Prime Nanotechnology Co. Ltd.,
Chulalongkorn University, Thailand). It was chemically syn-
thesized from silver nitrate (AgNO3) using sodium borohy-
dride (NaBH4) and starch as the reducing and capping agents,
respectively. The AgNPs were in spherical shapes and the
sizes were in the range of 2–12 nm, which were confirmed
by TEM (Fig. 1). The localized surface plasmon resonance
(LSPR) of AgNP suspensions (1–40 mg/L, prepared in
SWW) was characterized using spectrophotometric technique
at wavelengths of 250–600 nm (UV-Visible Spectropho
tometer Biomate 3S, Thermo Scientific, WI, USA). It was
indicated that AgNPs were well-dispersed form with
nanosizes and since AgNPs suspension peaked at absorbance

spectrum (λmax) of 400 nm. In addition, the initial Ag+ in stock
solution of AgNPs at 100 mg/L (prepared in distilled water)
was found to be less than detection limit (3 μg/L). Silver
nitrate (AgNO3, Merck, Darmstadt, Germany) was used as
source of Ag+.

Nitrifying sludge

Seed sludge was taken from a continuous flow nitrifying
culture-enriching reactor. The reactor has been operating with
both hydraulic retention (HRT) and solid retention time (SRT)
of 4 days with no sludge return. The collected seed sludge was
then cultivated in a batch reactor, at room temperature (28–
30 °C), with HRT and SRT of 14 days, at initial NH4

+–N
concentration of 429 ± 62 mg N/L. The dissolved oxygen
(DO) concentration was maintained above 2 mg/L, and pH
was adjusted between 7.0 and 7.8 using 5 N NaOH. The batch
reactor fed with inorganic synthetic wastewater (SWW).

The composition of SWW contained 1.8877 g/L
(NH4)2SO4, 0.2 g/L NaCl, 0.2 g/L K2HPO4, 0.4 g/L MgCl2·
6H2O, 0.1 g/L CaCl2·2H2O, 0.5 g/L KCl, and 1 g/L NaHCO3

with an addition of inorganic salt solution (1 mL). The inor-
ganic salt solution comprised of 40 g/L MgSO4 7H2O, 40 g/L
CaCl2 2H2O, 200 g/L KH2PO4, 1 g/L FeSO4 7H2O, 0.1 g/L
Na2MoO4, 0.2 g/L MnCl2 4H2O, 0.02 g/L CuSO4 5H2O,
0.1 g/L ZnSO4 7H2O, and 0.002 g/L CoCl2 6H2O. For the
kinetic experiments, the synthetic wastewater was followed
(Gu et al. 2014). The composition of wastewater was com-
prised of (NH4)2SO4, 1 g/L NaHCO3, 0.1 g/L K2HPO4,
0.025 g/L MgSO4, and 0.025 g/L NaCl with AgNPs and
Ag+ at different concentrations.

Inhibitory kinetics and mechanism of ammonia oxidation

Inhibitory kinetics experiments The nitrifying sludge was
harvested and centrifuged at 5000 rpm for 20 min, and the
clear supernatant was removed to collect the settled cells.
The collected cells were resuspended in SWW and washed
by centrifugal process. The washing process was repeated
for five times to obtain the cleaned cells, which were later
used for the inhibitory kinetics tests. The ammonia oxidation
kinetic experiments were carried out for the period of 60 h
using 250-mL flask with an effective volume of 100 mL. The
final biomass concentration was 50 mg/L as mixed liquored
suspended solid (MLSS). All tests were conducted in tripli-
cates at DO >2 mg/L and room temperature (28–30 °C) in
batch mode. The pH of the neutral range (7.5–7.8) was
achieved using 30 mM of HEPES. The initial NH4

+–N con-
centrations were in the range of 0.85 to 73 mg/L and 0.9 to
260 mg/L for AgNPs and Ag+ experiments, respectively. The
final AgNP and Ag+ concentrations were 1, 10, and 100 mg/L
and 0.05, 0.10, 0.50, and 5.00 mg/L, respectively. It is noted
that the Ag+ concentrations were selected based on released
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Ag+ from AgNPs. Quantification of Ag+ concentrations
followed a previous method by Beer et al. (2012) (description
of the method is shown in later subsection). The selected con-
centrations of Ag+ based on the released Ag+ result were
discussed in the BResults and discussion^ section.

The aqueous samples of 5 mL were collected periodically
at 0, 3, 6, 9, 30, and 60 h to measure reduction of NH4

+–N and
production of nitrate (NO3

−–N). The NH4
+–N concentration

was measured by salicylate–hypochlorite method (Bower and
Holm-Hansen 1980) whereas the nitrite (NO2

−–N) plus
NO3

−–N addressed by total NO2
−–N was measured by color-

imetric method 4500 (APHA 1998) after NO3
−–N in aqueous

samples were converted to NO2
−–N by using vanadium chlo-

ride (VCl3, 0.8 g in 100 ml HCl 1 M). The data from the
experiment were used to calculate the kinetic values and inhi-
bition percentage.

Silver ion release monitoring Silver ion release monitoring
experiments were performed with the AgNP concentrations of
1, 10, and 100 mg/L and initial NH4

+–N concentrations of 20
and 100 mg/L. The aqueous samples were collected at 0, 30,
and 60 h. Approximate 8 mL of each aqueous sample was
transferred into an ultracentrifuge tube (16 × 57 mm,
Beckman Coulter, Inc., USA) and tightly sealed. The prepared
samples were placed in ultracentrifuge machine (Optima™
MAX-XP Ultracentrifuge, Beckman Coulter, Inc., USA) and
centrifuged at 165000×g, 4 °C, for 2 h (Beer et al. 2012) using
MLN-80 rotor (16 × 58 mm, Beckman Coulter, Inc., USA).
The centrifuged samples were carefully taken out, and the
supernatants were gently withdrawn using 10-mL sterile sy-
ringes and transferred to glass bottles. The supernatants were
sent to analyze at the certified laboratory at the Scientific and
Technology Research Equipment Center (STREC,

Fig. 1 TEM of AgNPs (a–c) and percent of particles count (d)
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Chulalongkorn University, Thailand) using Atomic
Absorbance Spectrometry (AAS, Varian Model AA280FS,
Australia). The measurement of total silver in the AAS was
done using air/acetylene flame type with the air and acetylene
flow rates of 13.6 and 1.80 L/min, respectively. The absor-
bance of silver was detected at the wavelength of 328.1 nm for
4.5 s. The detection limit of AAS was 3 μg Ag/L.

Kinetics calculation The NH4
+–N oxidation rate was calcu-

lated according to Eq. 1 by comparing the change of NH4
+–N

reduction versus time, whereas the kinetic parameters includ-
ing maximum NH4

+–N oxidation rate (qmax) and half-
saturation constant (Ks) were calculated from the Monod
equation in Eq. 2.

q ¼ dS
dt

ð1Þ

q ¼ qmaxS
Ks þ S

ð2Þ

where q is the NH4
+–N oxidation rate (mg N/L/h), qmax is the

maximum NH4
+–N oxidation rate (mg N/L/h), S is the initial

NH4
+–Nconcentration (mg/L),Ks is the half-saturation constant

for ammonia (mg N/L), t is the time (h). Under the presence of
AgNPs or Ag+, Eq. 2 can be modified as shown in Eq. 3.

q ¼
qmax= 1þ I

Ki

� �� �
S

Ks= 1þ I
Ki

� �
þ S

ð3Þ

where Ki is the inhibitory constant (mg AgNPs/L or mg Ag+/
L), and i can be AgNPs or Ag+. The level of toxicity of a
substance to a target microorganism can be indicated by the
Ki value in which a higher toxicity level would be represented
by a lower Ki value.

Inhibition calculation The percentage of inhibition of AO
activity was calculated based on Eq. 4, which compares the
rates of AO in the controls and in the AgNPs or Ag+ treatments.

Inhibition %ð Þ ¼ qc−qið Þ � 100

qc
ð4Þ

where qc is the NH4
+–N oxidation rate in the controls (mg

N/L/h), qi is the NH4
+–N oxidation rate under the presence

of AgNPs or Ag+ (mg N/L/h). The percentage of inhibition
caused by AgNPs and Ag+ was presented as an averaged
percent inhibition (%) ± standard deviation (SD) regardless
of the initial NH4

+–N concentrations. Statistical comparison
was performed using IBM SPSS statistics for Windows, ver-
sion 19.0 (IBM Corp., Armonk, NY, USA). The significance
of the differences (P < 0.05) was determined by the analysis of

one-way analysis of variance (ANOVA) followed by
Duncan’s test (Ahrari et al. 2015).

Microbial cell physiology, community, and viability
observation

Scanning electron microscopy observation The nitrifying
sludge samples from the control test and the AgNPs and
Ag+-exposed tests were centrifuged at 5000 rpm for 5 min at
4 °C to remove the supernatant. The centrifuged samples were
rinsed with phosphate buffer solution (PBS, 0.1 M, pH 7.4).
The phosphate buffer solution was used because it can main-
tain osmotic balance between inside and outside of cells. The
washed samples were fixed by using 0.1 M PBS with 4%
glutaraldehyde overnight at 4 °C. The fixed samples were
separated in half in liquid nitrogen, dehydrated using a series
of ethanol solutions, placed on a stub, and covered with gold
under vacuum condition. The prepared samples were exam-
ined using SEM (JEOL, JSM-5410LV, Tokyo, Japan), and the
elemental compositions of selected areas were analyzed using
energy-dispersive X-ray (EDX, Oxford Instruments, Model
X-MaxN, UK).

Transmission electron microscopy observation The nitrify-
ing sludge samples from the control test and the AgNPs and
Ag+-exposed tests were centrifuged at 5000 rpm for 5 min at
4 °C to remove the supernatant. The clean pellets were obtain-
ed by washing with NaCl of 0.85%. This concentration of
NaCl was in the same range compared to one used in SWW.
Also, the salt concentration is recommended for cleaning cells
in another related kit (LIVE/DEAD® BacLight™ Bacterial
Viability, Molecular Probes, Invitrogen). The additional dam-
age of cells due to washing process was not expected. The
washed samples were fixed with a glutaraldehyde solution of
2.5%. The fixed cells were washed in phosphate buffer and a
1% osmium tetroxide solution. The cells were mixed with
1.5% of the melt agar to form gel at 45–50 °C. The hardened
agar was cut into 0.5-mm cubes. The cubes with cells were
dehydrated with a series of ethanol solution from 35 to 95% (v/
v). The dehydrated cubes were saturated in a series of propyl-
ene oxide and spur resin. Next, the cubes were baked at 70 °C
from 8 to 10 h. The baked cubes were cut by an ultra-micro-
tome. The pieces with a thickness of 60–90 nm were pasted
onto copper grid and stained with uranyl acetate and lead cit-
rate to increase the contrast. The prepared specimens were
observed using TEM (JEOL, JEM-2100, Tokyo, Japan).

FISHwith 16S rRNA-targeted oligonucleotide probes Two
milliliter of mixed liquor suspended solids was fixed in a 4%
paraformaldehyde solution for 12 h. Fixed samples were
brought into hybridization by following which procedure de-
scribed elsewhere (Amann et al. 1995). In brief, 10 μL of 16S
rRNA-targeted oligonucleotide probe (Table 1) in hybridization
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buffer was added onto each spot of the samples on microscopic
slide. The slides were hybridized at 46 °C for 2 h and washed at
48 °C for 15 min. Later, DNA of all microorganisms in the
sample were stained with 0.9 μM DAPI for 15 min. The hy-
bridized samples were then observed under CLSM (FluoView
FV10i, Olympus, Japan). With a helping of image analysis
software (ImageJ 1.4.3.67, Broken Symmetry Software), the
22 corresponding fluorescence in situ hybridization (FISH)-
CLSM imageswere determined the percent abundance of target
microbes in total microbes via estimating an area occupied by
microbes being hybridized with the targeted probe per one
occupied by DAPI-stained microbes.

Live/dead cell observation The live and dead cells of nitrify-
ing sludge culture taken from the AgNPs and Ag+-exposed
tests were determined using a staining kit (LIVE/DEAD®
BacLight™ Bacterial Viability, Molecular Probes,
Invitrogen) and observed under CLSM (FluoView FV10i,
Olympus, Japan) (Choi et al. 2008). Live and dead cells were
investigated by staining cells with an appropriate mixture of
the SYTO 9 and propidium iodide (PI) stains according to the
manufacturer’s protocol. All bacterial cells were stained with
fluorescent green from SYTO 9 whereas dead cells (damaged
cells) were only stained with fluorescent red from PI. The
presence of dead cells would reduce the emission of fluores-
cent green. The autoclaved nitrifying sludge was used as a
positive control for the dead cells. The excitation/emission
maxima for SYTO 9 and PI stains were 480/500 and 490/
635 nm, respectively. At least ten images from CLSM of each
sample were used for calculation of the areas of live and dead
cells using the software ImageJ (Gu et al. 2014).

Results and discussion

Inhibitory mechanism and kinetics of ammonia oxidation

The ammonia oxidation experiments with and without AgNPs
were performed. The ammonia concentrations depleted with
time in all of the experiments. The rates of ammonia reduction
were used to fit the Monod model as shown in Fig. 2a.
Supplement of AgNP concentrations of 1, 10, and 100 mg/L
led to a sharp decrease inKs and qmax (Fig. 2a). The values ofKs

and qmax were reduced from 13.49 to 3.72 mg/L and from
0.6982 to 0.1128 mg N/L/h when AgNP concentrations in-
creased from 0 to 100 mg/L, respectively. The ammonia oxi-
dation activity was inhibited by 50.5 ± 9.48, 63.3 ± 7.9, and
76.8 ± 5.8% at the AgNP concentration of 1, 10, and 100mg/L,
respectively (Fig. 3a). It is noted that in order to mimic toxicity
of silver in environment, the synthetic wastewater with several
salts including chloride ions was used. Silver ion could form
certain portions of AgCl affecting toxicity of Ag+. Based on
estimation of silver species in SWW using visual MINTEQ
(version 3.0), Ag+ and AgCl were major species with total
proportion of higher than 80% among aqueous species.
According to Choi et al. (2008), AgCl and Ag+ inhibited respi-
ration of autotrophic nitrifying microorganisms at the same
magnitude (42 and 46%, respectively). Therefore, Ag+ may
combine with chloride ions but the combination did not neces-
sarily influence the toxicity of Ag+ in the experimental solution.
Based on the result, it is clear that the initial AgNP concentra-
tions significantly affected the inhibitory magnitude
(p = 0.002), which was found similar with previous works
(Giao et al. 2012; Gu et al. 2014) that higher AgNP concentra-
tion resulted in more inhibition of AO. However, the prior
studies did not conclude whether the inhibition of ammonia
oxidation was mainly fromAgNPs themselves or released Ag+.

The released Ag+ was monitored along with the ammonia
oxidation inhibition in AgNP experiments as shown in
Table 2. The Ag+ concentrations were measured from the
experiments with SWW and SWW+NS (the wastewater with
the nitrifying sludge) at different initial ammonia and AgNP
concentrations. There was more released Ag+ at higher initial
AgNP concentrations. This could be the result of an instant
dissociation of Ag+ from AgNPs or the stock AgNPs previ-
ously contained Ag+ since concentration of Ag+ release was
detected immediately after AgNPs were added to SWW or
SWW+NS. Prior studies found that concentration of dissolved
silver increased sharply in a short time after AgNPs were
added to the medium (Lee et al. 2012; Yuan et al. 2013).
The increasing Ag+ concentration with time (from 0 to 30 h)
was obviously indicated that AgNPs could gradually release
Ag+ after they are in WWTPs. The finding agreed with other
studies reporting that AgNPs were the source of Ag+ (Lee
et al. 2012; Massarsky et al. 2014) because they produce per-
oxide intermediates (H2O2), which oxidize metal silver to Ag+

Table 1 Oligonucleotide probes
for analyzing microorganisms in
nitrifying sludge

Probe Sequence (5′ to 3′) Label Target organisms Formamide
(%)

Nso190 CGATCCCCTGCTTT
TCTCC

AF Many but not all ammonia oxidizing
β-Proteobacteria

55

Ntspa662 GGAATTCCGCGCTC
CTCT

Cy3 Nitrospira genus 35

Nit3 CCTGTGCTCCATGC
TCCG

Cy3 Nitrobacter spp. 40
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(Liu and Hurt 2010). In this study, the concentrations of Ag+

reduced from 30 to 60 h. The possible explanation for the
reduction of Ag+ release was due to binding to inorganic li-
gand such as chloride (Choi et al. 2009; Yang et al. 2014). In
addition, Ag+ can strongly combine with thiol groups found in
biomass (Gordon et al. 2010; Morones et al. 2005).

The initial AgNP concentrations at 1, 10, and 100 mg/L
released the average amounts of Ag+ of 0.059, 0.171, and
0.503 mg/L in SWW after 60 h of experimental period.
These ranges of concentrations were chosen for the inhibitory
kinetic experiment. The ammonia reduction rates under the
presence of Ag+ were used to fit Monod model as shown in
Fig. 2b. Similar to AgNPs, amendment of Ag+ into nitrifying
culture resulted in a rapid decrease in Ks and qmax (Fig. 2b).
An increasing addition of Ag+ concentrations from 0 to
0.50 mg/L resulted in a decrease of Ks and qmax from 17.83
to 4.76 mg/L and from 0.6379 to 0.0175 mg N/L/h, respec-
tively. It was observed that qmax values were similar
(0.0175 mg N/L/h) at Ag+ concentrations of 0.50 and
5.00 mg/L (Fig. 2b). For the AO activity, Ag+ at 0.05, 0.10,
0.50, and 5.00 mg/L suppressed AO by 52.7 ± 2.1, 75.3 ± 1.8,
93.9 ± 1.9, and 96.2 ± 1.3%, respectively (Fig. 3b). It was

clear that the released Ag+, which was at very low concentra-
tions, resulted in high inhibition of AO. Former studies report-
ed that the Ag+ played role in causing toxic inhibition for
Nitrosomonas europaea (Arnaout and Gunsch 2012;
Radniecki et al. 2011). Therefore, this study confirmed that
the toxicity of AgNPs should be mainly from the role of Ag+

release.
Previous studies also demonstrated that the toxicity of Ag+

was higher than AgNPs to several types of organisms. The
potential nitrification of both N. europaea biofilms and free
cells was more adversely impacted by toxicity of Ag+ than
AgNPs (Barker 2014). Similarly, toxicity of Ag+ to Daphnia
magna and Thamnocephalus platyurus was also found higher
than that of AgNPs (Blinova et al. 2013). Higher toxicity of
Ag+ was because Ag+ could produce more ROS (Gu et al.
2014), easily uptaken by ion transporters and high affinity to
thiol groups (Gordon et al. 2010), thus exhibiting more toxic
impact than AgNPs. The inhibitory constants, Ki values, sup-
ported the evidence that Ag+ was more toxic to AO activity
than AgNPs. It was found that the Ki of Ag

+ was much lower
(0.29 mg/L) than that of AgNPs (73.5 mg/L) in the current
study. The Monod kinetic parameters including Ks and qmax

Fig. 3 Percent inhibition of AO from nitrifying sludge by a AgNPs and b Ag+

Fig. 2 Kinetics of AO from nitrifying sludge with a AgNPs and b Ag+
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showed that the inhibitory effect of AgNPs and Ag+ on the
AO activity from nitrifying sludge followed uncompetitive-
like model because both Ks and qmax decreased when the

concentrations of AgNPs and Ag+ increased. Our previous
study also found that AgNPs inhibited AO process best de-
scribed by uncompetitive-like model (Giao et al. 2012)

Table 2 Concentration of Ag+

release from AgNPs Initial NH4
+–N (mg/L) Type of medium Initial AgNPs

(mg/L)
Ag ion release from AgNPs (μg/L)

Mean ± SD

0 h 30 h 60 h

0 SWWonly 1 71.7 ± 7.6 80.0 ± 10.0 25.3 ± 0.6

0 SWWonly 10 77.6 ± 10.0 232.9 ± 2.9 202.4 ± 32.1

0 SWWonly 100 227.2 ± 15.3 750.9 ± 20.8 529.6 ± 10.4

20 SWW + NS 1 4.0 ± 0.1 < DL < DL

20 SWW + NS 10 < DL < DL 12.8 ± 7.5

20 SWW + NS 100 180.9 ± 15.3 280.2 ± 36.1 211.4 ± 12.6

100 SWW + NS 1 18.0 ± 3.2 < DL < DL

100 SWW + NS 10 < DL < DL < DL

100 SWW + NS 100 135.6 ± 20.0 578.4 ± 8.4 331.4 ± 0.0

DL detection limit, <3 μg Ag/L

(a) 

(c) 

(b) 

(d) 

Fig. 4 SEM micrographs for observation of nitrifying sludge after 48 h
exposed to AgNPs and Ag+. a SEM image for the control (without
AgNPs or Ag+). In the control, microbes were in rod-shaped and
filamentous observed at the magnification of ×10,000. b Microbes in
the nitrifying sludge became a shorter rod-shaped after exposing to

AgNPs at 10 mg/L observed at ×10,000. c Microbes in nitrifying
sludge have changed to shorter rod-shaped after exposure to Ag+ at
0.10 mg/L observed at ×10,000. d AgNP particles exposed and formed
aggregates with cells observed at the magnification of ×25,000
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although the oxygen uptake rates were measured instead of
ammonium.

It was noticed that AgNP concentrations of 1, 10, and
100 mg/L inhibited AO by 50.5 ± 9.5, 63.3 ± 7.9, and
76.8 ± 5.8%, respectively, while Ag+ (similar to Ag+ released
from AgNPs) at 0.05, 0.10, and 0.50 mg/L suppressed AO by
52.7 ± 2.1, 75.3 ± 1.8, and 93.9 ± 1.9%, respectively (Fig. 3).
The inhibitory effect of AgNPs suspension (from AgNPs
themselves, released Ag+, and ROS) in these inhibitory exper-
iments should have been similar or higher than that influenced
by Ag+ (at equal concentration to the released amount) using
AgNO3 as Ag+ source. However, from the experiment,
AgNPs suspension showed apparent lower inhibitory effect
on AO compared to that of Ag+ using AgNO3 as Ag

+ source
in the inhibitory test. This could be due to two potential rea-
sons. Firstly, AgNPs gradually liberated Ag+ and some factors
(such as inorganic ligand, thiol groups) reduced Ag+ under the
presence of biomass. This can be seen from the Ag+ release in
SWW+NS, which was much lower than in SWW due to the
presence of nitrifying biomass (Table 2). The reduction of
released Ag+ could lead to lower initial Ag+ concentrations
in AgNP experiment compared to those in Ag+ experiment
(AgNO3 as a Ag

+ source). As a result, lower toxicity to AO
was observed in AgNPs experiment. In addition, Ag+ possibly
exhibited acute toxic effect on AO. It might take time for

AgNPs to release Ag+ to a level similar to direct Ag+ from
AgNO3. During slow Ag+ releasing period, ammonia oxi-
dizers could gradually adapt to the environment. Similarly,
Gu et al. (2014) reported that the oxygen uptake rate of floc-
culent sludge was inhibited in the short-term test (12 h) but the
inhibition was absent during the long-term exposure (22 days)
to AgNPs at 50 mg/L due to adaptation of the microbes in the
sludge. In addition, AgNPs themselves could aggregate or
bind to the nitrifying sludge led to formation of larger sizes
of particles. Prior studies demonstrated that AgNPs with larger
sizes dissociated less Ag+ (Li et al. 2015) and poorer
interactedwith cells (Radniecki et al. 2011) thus reducing their
toxicity. In this study, the release of Ag+ in the AgNPs exper-
iment and the toxicity of Ag+ in the kinetics test suggested that
Ag+ released from AgNPs mainly contributed to overall tox-
icity of AgNPs.

Microbial cell physiology observation

Themicrobial cell physiology of the nitrifying sludge exposed
to AgNPs and Ag+ observed by SEM and TEMwas shown in
Figs. 4 and 5. The introduction of AgNPs into the nitrifying
sludge resulted in AgNP–cell aggregation, which was con-
firmed by the EDX image (Fig. 4d, inset). Comparing to the
control (Fig. 4a), it is likely that major microbial population in

(a) (b) (c)

(d) (e)

Fig. 5 TEM images of nitrifying sludge after 48 h exposed to AgNPs and
Ag+: a the control without silver, bAgNPs 10 mg/L, cAgNPs 100 mg/L,
d Ag+ 0.10 mg/L, and e Ag+ 0.50 mg/L. AgNPs attached on the surface
and caused damage of cell in the samples treated with AgNPs. Cells

treated with Ag+ had less-defined membrane, and the internal parts of
the cells formed vesicles indicated by a lighter in color compared to the
control
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the samples amended with AgNPs at 10 mg/L or Ag+ at
0.10 mg/L looked shorter (Fig. 4b, c). Chakravarty et al.
(2007) used copper ions (Cu2+) to expose to Acidocella sp.
GS19h strain; the observed morphological change of the cells
was similar to the current study. Morphological changes are
the way that several bacteria used to adapt themselves during
the presence of heavy metals (Chakravarty et al. 2007). The
morphological change was due to the relative reduction of cell
surface (due to cell membrane reduction) with respect to the
cell volume. The reduction of cell surface enabled microbes to
become less exposed to heavy metals (Chakravarty et al.
2007). In this study, the microorganisms in the nitrifying
sludge were the mixed cultures. It could be possible that the
cells in the nitrifying sludge changed their morphology as a
response to the stressful condition resulted from AgNPs and
Ag+ or predominant bacteria in microbial community
changed. The continued work on microbial change issue
should be performed.

In the present study, TEM results indicated that
AgNPs attached on outer layer of the cells, formed pits
and damaged cell membrane (Fig. 5b, c). After the at-
tachment, AgNPs sloughed off the outer layer and
caused cell death resulting in the reduction of AO in
nitrifying sludge. In addition, the released Ag+ from
AgNPs could cause additional toxicity to the cells as
discussed earlier. Damage of bacterial cell membrane
caused by AgNPs was previously reported in the litera-
tures (Choi et al. 2008; Giao et al. 2012; Siripattanakul-

Ratpukdi et al. 2014). Besides, Ag+ could enhance tox-
icity of AgNPs via binding to the membrane surface
and inactivating the activity of the functional enzyme
of ammonia oxidizers (Arnaout and Gunsch 2012).

The binding of AgNPs and Ag+ on the cell surface
resulted in the damage of cell wall. Moreover, the interior
cells after exposing to Ag+ (Fig. 5d, e) were different
from no silver control (Fig. 5a). The area of lighter color
of the samples treated with Ag+ was more intense than in
the control. The finding in this study agreed with the
previous study reporting that bacteria responded to silver
stress by forming vesicles resulting in less density of in-
ternal parts of the cell treated with Ag+ (Arnaout and
Gunsch 2012). This could be the reason to explain cells
change from rod-shaped to shorter rod-shaped in the pre-
vious discussion of SEM. TEM observation also indicated
that the outer layer of the cell exposed to Ag+ was thinner
than that of the cell without exposing to silver, which
could be from the Ag+ interfering with peptidoglycan lay-
er and cytoplasmic membrane (Jung et al. 2008). The loss
of defined membrane could then lead to cell death, and
loss of AO activity. The less-defined membrane in cells
exposed to Ag+ than those exposed to AgNPs could be
the reason for the more toxic impact of Ag+ than AgNPs.
The changes of cell morphology, density of internal cell
matters, defined membrane, and cell damages were well
linked to the inhibitory effect of AgNPs and Ag+ on AO
activity as discussed in earlier section.

(a) (b) (c) 

(e) (f) 

(d) 

(h) (g) 

Fig. 6 Example of FISH-CLSM images of microbes in nitrifying sludge.
Total microorganisms were DAPI stained (blue), AOB was hybridized
with NSO190 (green), Nitrobacter sp. was hybridized with Ntspa 662
(red), and Nitrospira sp. was hybridized with NIT3 (red). The target cells
combine with both Alexa Flour 488-labeled probe (in green) and CY3-
labled probe (in red), were in yellow. The percent abundance of target
microbes in total microbes was determined by estimation of an area

occupied by microbes being hybridized with the targeted probe per one
occupied by DAPI-stained microbes. FISH signal of total
microorganisms is shown in a and e, whereas AOB was indicated in b
and f. Nitrobacter sp. and Nitrospira sp. were presented in c and g,
respectively. Combination of FISH signals of all microorganisms, AOB
and Nitrobacter sp. was illustrated in d while combination of all
microorganisms, AOB and Nitrospira sp. was showed in h
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Microbial community and viability observation

Estimation from FISH-CLSM images (Fig. 6) indicated that
AOB were mostly dominant in nitrifying culture (59.0 ± 10.0%
of total microbes). While the nitrite-oxidizing bacteria (NOB)
including Nitrospira sp. and Nitrobacter sp. accounted for
4.9 ± 4.0 and 22.8 ± 5.7% of total microbes, respectively. The
results clearly indicated that ammonia-oxidizing culture was
dominant in the nitrifying sludge. This was well fitted to the
previous discussion that obvious inhibition of AO from the nitri-
fying culture in the inhibitory kinetics experiments with AgNPs
and Ag+ was found.

Since the majority of microbes found in this study was
AOB and NOB, the bacterial viability test was performed
(Fig. 7). The percent damage of cell membrane resulted from
exposure to AgNPs and Ag+ was showed in Fig. 7a and ex-
ample of CLSM images of membrane integrity of bacterial
cells influenced by AgNPs and Ag+ was provided in
Fig. 7b–d. According to Fig. 7a, the damage of membrane
integrity of bacterial cells treated with AgNP concentrations
at 1, 10, and 100 mg/L accounted for 29.7 ± 16.2, 60.9 ± 21.6,
and 81.8 ± 12.8%, respectively. While bacterial cells amended
with Ag+ at 0.10 and 0.50 mg/L resulted in membrane integ-
rity loss by 14.1 ± 6.3 and 79.5 ± 15.0%, respectively. It is
clearly that Ag+ at 0.50 mg/L caused loss of membrane integ-
rity as high as that of AgNPs at 100 mg/L, which reaffirmed
the previous finding that Ag+ was more toxic to AO than
AgNPs. In addition, the increasing percentage of dead cells
agreed with the increasing inhibition magnitude of AO when
AgNPs and Ag+ concentrations increased. However, damage
of membrane integrity was not significantly different
(p < 0.05) between the silver control, AgNPs at 1 mg/L and
Ag+ at 0.10 mg/L (Fig. 7a). This was not expected since
AgNPs and Ag+ at these concentrations significantly inhibited
AO by 50.5 ± 9.48 and 52.7 ± 2.1%, respectively. It was
possible AgNPs and Ag+ at these low concentrations could
partially cause damage of membrane integrity, but the damage
was not detected based on our investigation using ten
live/dead images. However, prior study reported that cell lysis
was only partial reason for the inhibition of nitrification of
AgNPs and Ag+ (Barker 2014). In addition, former studies
indicated that Ag+ could inhibit functional enzymes, thus re-
ducing AO without completely destroying the cell membrane
(Arnaout and Gunsch 2012; Gu et al. 2014).

In this study, SEM images indicated that AgNPs attached
on the microbial cells while TEM results revealed that AgNPs
and Ag+ reduced thickness of outer layer and damaged bacte-
rial cells. In addition, live/dead assay confirmed that AgNPs
and Ag+ damaged membrane integrity. Previous study also
found that AgNPs and Ag+ generated reactive oxygen species
(ROS) and then ROS caused damage of cell wall (Arnaout and
Gunsch 2012; Hwang et al. 2008; Sharma et al. 2009; Yuan
et al. 2013), formed pits (Siripattanakul-Ratpukdi et al. 2014)

Fig. 7 Percent of cell membrane damaged by AgNPs and Ag+ after 48 h
of exposure (a). The average percentage of live/dead results were
calculated based on ten CLSM images. Error bars represent the
standard deviation. Different letters indicate statistically significant
(p < 0.05). Example of CLSM images of membrane integrity of
bacterial cells under control (b), AgNPs (c), and Ag+ (d) condition after
48 h of exposure. b1, b2, and b3 showing the total cells, dead cells, and
overlay of total and dead cells for the control; c1, c2, and c3 showing the
total cells, dead cells, and overlay of total and dead cells for the sludge
exposed to AgNPs 10 mg/L; c4, c5, and c6 showing the total cells, dead
cells, and overlay of total and dead cells for the sludge exposed to AgNPs
100 mg/L; d1, d2, and d3 showing the total cells, dead cells, and overlay
of total and dead cells the sludge exposed to Ag+ 0.1 mg/L; d4, d5, and d6
showing the total cells, dead cells, and overlay of total and dead cells for
the sludge exposed to Ag+ 0.5 mg/L

9238 Environ Sci Pollut Res (2017) 24:9229–9240



resulting in cell death. Our findings agreed with the previously
reported results that AgNPs and Ag+ reduced AO by the
mechanism of causing cell death.

Conclusion

Amendment of AgNPs and Ag+ into wastewater adversely
inhibited the AO process. Silver ions were much more toxic
to AO than AgNPs. Silver ions of 0.05 to 0.50 mg/L could
inhibit AO by 53–94%whereas AgNPs of 1 to 100 mg/L only
reduced AO by 45–74%. Silver nanoparticles released the
average amounts of Ag+ at 0.059, 0.171, and 0.503 mg/L over
60-h experimental period at initial AgNP concentrations of 1,
10, and 100 mg/L, respectively. The release of Ag+ mainly
caused toxic impact of AgNPs on AO of nitrifying sludge.
Microscopic observation indicated that AgNPs attached to
microbial cell surfaces and resulted in morphological change.
Microbial cells exposed to AgNPs and Ag+ showed less de-
fined membrane and less density of internal cell matters,
which could lead to cell death. The result from this study
can be used as basic information for preventing the system
failure from AgNPs and the released Ag+ by taking relevant
pretreatment measures.
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