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Abstract
The use of silver nanoparticles (AgNPs) is growing exponentially, especially in consumer products due to their excellent 
antimicrobial properties. However, concerns are growing on their possible negative effects on environmental and human 
health. AgNPs from consumer products enter aquatic ecosystems where their physicochemical properties including 
surface functionalization are critical to their impact on aquatic organisms. The effects of AgNPs coated with three differ-
ent ligands; tyrosine (T-AgNP), epigallocatechin gallate (E-AgNP) and curcumin (C-AgNP) and  Ag+ ions on the freshwater 
green alga Raphidocelis subcapitata were investigated. Stability tests of AgNPs revealed that the coating significantly 
affects the fate and behaviour of AgNPs. All types of AgNPs tested and ionic silver were found to be toxic to the alga 
and differential growth inhibition of algae were observed from differently coated AgNPs, with the 48 h  EC50 of C-AgNPs, 
T-AgNPs and E-AgNPs being 0.155, 0.163 and 0.243 mg L−1, respectively, in comparison with 0.051 mg L−1 for  Ag+ ions. 
Associated Ag in the algae increased with increased concentrations of all AgNPs and  Ag+ ions and the toxicity positively 
correlated to the associated Ag content in algae. The antioxidant enzymes glutathione S-transferase and catalase were 
activated in algal cells by the AgNPs and  Ag+ ions, but a consistent difference in response was not identified with differ-
ent concentrations of NPs. This study shows the effects of the surrounding environment and surface functionalization of 
AgNPs on algae highlighting the importance of considering them in environmental risk assessment of AgNPs.
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1 Introduction

Nano-silver is already highly commercialized, and its appli-
cations are growing, mainly due to its excellent antimi-
crobial qualities. It is one of the most widely used nano-
particles (NPs) [105] occurring in 25% of all nano-based 
products [13]. The nanodatabase [59] currently lists 540 
commercial products that contain silver nanoparticles 
(AgNPs) which are available to the European market. 

Healthcare, electronics, textile and food and beverage 
industries are the largest segments of AgNPs [14, 31, 53]. 
Their global consumption is estimated to rise to 450 met-
ric tonnes per year [47], and the global market for Ag NPs 
is expected to reach USD 2.45 billion by 2022 [32]. Silver 
NPs in most consumer products will end up in the envi-
ronment including natural aquatic systems [96]. Despite 
many advantages, extensive usage of Ag NPs may cause 
environmental pollution and concerns are rising about 
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their possible impacts on ecosystem and human health. 
New uses of AgNPs are continuously being discovered, yet 
the environmental implications are not fully understood 
[48, 92].

Algae play an important role in the aquatic ecosystem 
as the primary producers in the food web [46]. Primary 
producers in the aquatic system are vulnerable and are 
targeted first by contaminants. Any adverse effects to the 
autotrophs will have an effect on the heterotrophs [18, 49]. 
Several studies have proven that AgNPs are toxic to algae 
[25, 44]. Also, algae serve as a model organism to assess 
effects of NPs in aquatic systems [80]. Studies on NP toxic-
ity so far concluded that either or both NPs and liberated 
ions from NPs could cause toxicity [79, 81].

Physicochemical characteristics of both NPs and the 
surrounding environment influence the toxicity of NPs 
[5, 45]. Size, shape, surface chemistry, chemical composi-
tion, surface area and crystal structure are all intrinsic NP 
properties [9, 16, 72, 83]; ionic strength, pH, the presence 
of natural organic matter and hardness are media-specific 
properties that affect toxicity of NPs [48, 91]. Biofunction-
alized AgNPs are used in many applications [33, 73]. The 
effects of this surface functionalization of NPs on their 
physicochemical characteristics, fate and toxicity to organ-
isms are critical, but not well understood yet [1, 78] which 
warrants further research.

Uptake of NPs is a crucial factor in assessing the effects 
of NPs [12]. When Ag NPs are associated with algae, it is 
possible for them to transfer up the food web [49]. Several 
researchers have reported uptake of AgNPs by algae [41, 
50, 67, 69]. Further, it is widely accepted that the AgNPs 
cause oxidative damage [65, 71, 93]. Silver NPs cause the 
generation of reactive oxygen species (ROS) which lead to 
activation of the antioxidant system resulting in increased 
production of antioxidants [39, 54]. The antioxidant sta-
tus of an organism can be used to assess oxidative stress 
and therefore represents a good indicator to evaluate the 
effects of NPs [98].

This study was aimed at understanding the effects of 
AgNPs coated with three different organic ligands: tyros-
ine-coated (T-AgNP), curcumin-coated (C-AgNP) and 
epigallocatechin gallate-coated (E-AgNP) and  Ag+ ions 
on the freshwater green alga Raphidocelis subcapitata. 
Tyrosine, Curcurmin and Epigallocatechin gallate have 
different number of phenol structures and classified as 
monophenol, biphenol and polyphenols, respectively. 
These ligands act as reducing and stabilizing agents in 
NP synthesis [36] and are widely studied for different 
applications [17, 42, 82] including therapeutic applica-
tions where their organic nature makes them biocom-
patible [20, 27]. Despite increasing usage, comparative 
studies on effects of NPs coated with different organic 
coatings on aquatic organisms are relatively scarce. The 

production and characterization of the NPs used were 
performed in-house and the stability of NPs in the algae 
medium, their toxicity, bioaccumulation and effects 
on antioxidant enzyme activity were all assessed upon 
acute (72 h) exposure of algae to AgNPs and  Ag+ ionic 
suspensions.

2  Materials and methods

2.1  Preparation of NPs

l-tyrosine, epigallocatechin gallate (EGCG) and curcumin 
(Fig.  S.1A–C) were purchased from Sigma-Aldrich and 
the NP synthesis was done in-house by following the 
method described at Selvakannan et al. [82]. Equal vol-
umes (10 mL) of  10−3 M  Ag2SO4 and  10−3 M of tyrosine, 
EGCG or curcumin solutions were mixed and diluted to 
100 mL with MilliQ water. Then, 1 mL of  10−1 M KOH solu-
tion was added, and the mixture was boiled until the col-
our turned to yellow. After 24 h, the AgNP solutions were 
concentrated by rotary evaporation. Any uncoordinated 
silver ions, excess KOH and unbound coating materials 
in the solutions were removed by dialysing for 48 h in a 
dialysis tube (MWCO: 3 kDa) submerged in MilliQ water 
which was replaced twice after 6 and 24 h. The AgNP solu-
tions (0.1 mL) were acid digested with ultra-pure grade 
70%  HNO3 (Thermo Fisher Scientific, NSW, Australia) on 
a heating block (105 °C) for 12 h and diluted with MilliQ 
water before measuring silver  (Ag+) concentration with 
inductively coupled plasma mass spectrometry (ICP-MS) 
(7700x, Agilent Technologies).

2.2  Characterization of NPs

The surface plasmon resonance (SPR) analysis of AgNPs 
was performed using a UV–visible spectrophotometer 
(Varian Cary 50) in a quartz cuvette with a path length 
of 1 cm. The hydrodynamic diameter (HDD) and the zeta 
potential of NPs was measured in a Zetasizer (Dynamic 
light scattering; Malvern Zetasizer Nano series, NanoZS) 
using a folded capillary cell and a glass cuvette, respec-
tively. To determine the core size of AgNPs, the NP solu-
tions were drop casted on carbon-coated copper grids 
following which the extra solution was removed using a 
blotting paper, and the grid was allowed to dry prior to 
measurement. The images were obtained by a transmis-
sion electron microscopy (TEM) operated at 100 kV (JEOL 
1010) equipped with a Gatan imaging system. The mean 
core size of AgNPs were determined by analysing 50–150 
NPs by ImageJ software.
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2.3  AgNP temporal stability and dissolution 
in the test medium

The stability of AgNPs in the algae medium and MilliQ 
water was investigated using the modified methods of 
Tejamaya et al. [94]. Nanoparticle solutions of 5 mg L−1 
were incubated in glass vials for 72 h at similar environ-
mental conditions used for algae toxicity test. The SPR, 
HDD and zeta potential of the suspensions were inves-
tigated, and pH was monitored at 0, 24, 48 and 72  h. 
The release of  Ag+ ions from NPs in the algae medium 
and MilliQ water was investigated at 0, 24, 48 and 72 h 
as described previously by Xia et  al. [101] with some 
modifications. Briefly, 1 mL from each NP suspension was 
extracted into Eppendorf tubes in triplicate and centri-
fuged at 21,000 rpm for 15 min (Sigma 3-KL centrifuge). 
Supernatant (0.75 mL) from carefully removed tubes was 
transferred to 15 mL tubes, diluted with MilliQ water and 
acidified (2%) with  HNO3. The  Ag+ ion concentrations were 
measured by ICP-MS (7700×, Agilent Technologies).

2.4  Algae growth inhibition test

Algae growth inhibition tests with alga R. subcapitata were 
conducted as per the OECD guidelines with some adapta-
tions [63]. Algae cells from a pure culture were inoculated 
into MLA medium [11] and algal cells were counted peri-
odically. The test was started when the algae growth rate 
was at the exponential stage. Algal biomass was adjusted 
to 5 × 104 cells mL−1 in each flask which contains 40 mL of 
test solution. Silver NP test solutions of 0.020, 0.050, 0.080, 
0.110, 0.140, 0.170, 0.200 and 0.230 mg L−1 were prepared 
by dispersing relevant volumes of NP stock solutions in 
algae culture. Ionic silver stock solution was prepared by 
dissolving  Ag2SO4 in MilliQ water and test solutions of 
0.010, 0.020, 0.040, 0.060, 0.080, 0.100 and 0.120 mg L−1 
 Ag+ ion concentrations were prepared by dissolving rel-
evant volumes from the stock solution. All treatments 
were tested in triplicate while six controls with only M4 
medium and algae were incubated using the same algal 
cell concentration.

Flasks were kept on shakers (100 rpm) (OM6, RATEK, 
Aus) to allow mixing and  CO2 diffusion and incubated in 
a light-temperature controlled chamber under continu-
ous illumination (6000 lx) at 23 ± 1 °C. White fluorescent 
tubes were used as the light source while the light inten-
sity in the test setup was measured using a LI-COR light 
meter (model LI-189). Flasks were manually shaken every 
24 h to resuspend any settled cells and pH was monitored 
throughout the testing period. Samples (50 µg L−1) were 
taken from each vessel at 24, 48 and 72 h and the number 
of cells were quantified by measuring fluorescence inten-
sity as described by Aruoja et al. [8]. Briefly, algae samples 

(50 µL) were added to 200 µL of ethanol in triplicate in a 
96 well plate and the plate was shaken for 3 h in the dark. 
Fluorescence intensity was measured with a fluorescence 
spectrophotometer (POLARstar omega, BMG Labtech) 
using an excitation wavelength of 400 ± 80 nm and emis-
sion wavelength of 600 ± 80 nm. The nanoparticle sus-
pensions neither fluoresced nor absorbed any light under 
these conditions. Chlorophyll fluorescence correlated with 
the cell density which was determined and calibrated by 
cell counting with a TC20™ Automated Cell Counter, Bio-
Rad Laboratories, Hercules, CA. Microscopic observations 
were performed to verify the healthy appearance of the 
inoculum culture and to verify readings inferred with data 
obtained with fluorescence microscopy. All experiments 
were conducted under aseptic conditions. The specific 
growth rate was calculated as the logarithmic increase 
in the biomass of each single vessel using the following 
equations:

where �i−j is the average specific growth rate from time i 
to time j, Xj is the biomass at time j and Xi is the biomass 
at time i.

The percentage inhibition of growth rate for each treat-
ment was calculated as:

where %Ir is the percentage inhibition in average specific 
growth rate, �c is the mean value for average specific 
growth rate in the control group and �T is the average 
specific growth rate for the treatment replicate.

The biomass in the control cultures increased exponen-
tially in the range of 17–22 within the 72-h test period and 
the coefficient of variation of average specific growth rates 
in replicate control cultures were less than 7%, thus fulfill-
ing the OECD validity criteria [64].

2.5  Algae digestion and metal analysis

Algae digestion and metal analysis were carried out as 
described by Li et al. [50] and Miller et al. [57]. Briefly, 30 mL 
of AgNP-exposed algae cultures from each flask were con-
centrated by centrifugation in 50 mL polypropylene tubes 
at 3500 g for 15 min (Heraeus Multifuge 1S-R, Thermosci-
entific) and resuspended in MilliQ water. After 2 wash 
cycles, algae were washed with 0.5 mM cysteine-MOPS 
for 5 min to remove metals loosely bound to the surface 
as described and validated previously [50, 67]. Algae were 
then filtered (SM16510, Sartorius) and acid digested with 

�i−j =

(

ln Xj − ln Xi
)

(

tj − ti
)

%Ir =

(

�c − �T

)

�c

× 100
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ultra-pure grade 70%  HNO3 and 30%  H2O2 at 105 °C for 
6 h. The digested samples were diluted with MilliQ water 
and the silver  (Ag+) concentrations were measured with 
ICP-MS. The number of algal cells in each sample (30 mL) 
chosen for metal analysis were extrapolated from the data 
obtained for algae growth inhibition calculations in the 
section above. The measured silver content after wash 
cycles was operationally defined as the cell-associated sil-
ver  (Agcell) and expressed as nanograms per cell (ng cell−1).

2.6  GST and CAT enzyme activity assays

Enzyme activity assays were conducted as described by 
Melegari et al. [54] with some modifications. Aliquots of 
200 mL algae culture (1 × 106 cells mL−1) at the exponen-
tial growth phase were exposed to AgNPs and  Ag+ ions 
(0.1, 0.2, 0.4 and 0.8 mg L−1) for 72 h at conditions simi-
lar to the above described toxicity test. Controls did not 
include contaminants and all samples were exposed in 
triplicate. After exposure, algal cultures were collected, 
centrifuged at 3500 g for 15 min (Heraeus Multifuge 1S-R, 
Thermoscientific) and the pellets were resuspended in 
400 µL of 0.1 M phosphate buffer (pH 6.5) for glutathione 
S-transferase (GST) analysis and 800 µL of 0.05 M phos-
phate buffer (pH 7) for catalase (CAT) analysis. The suspen-
sions were homogenized in 2 mL lysing tubes (FastPrep™, 
MP bio) using a FastPrep-24™ 5G Homogenizer, MP bio and 
centrifuged at 9000 g for 30 min at 4 °C (Sigma 3–16 KL 
centrifuge) for GST analysis and 15,000 g for 15 min at 4 °C 
for CAT analysis. The supernatants were stored at − 80 °C. 
GST activity was evaluated as described by Habig et al. [34] 
adapted to a microplate [29]. CAT activity was evaluated as 
described by Aebi [2]. The optical absorbance was meas-
ured at 340 nm for GST and at 240 nm for CAT by UV–visi-
ble spectrophotometer (POLARstar Omega, BMG Labtech). 
GST and CAT activity was expressed as micro moles (µM) 
or milli moles (mM) of substrate  (H2O2) hydrolysed per min 
per mg of protein, respectively.

2.7  Calculation of  EC50 values and statistical 
analysis

All Effective concentration  (ECx) calculations were con-
ducted using the software ToxRat Professional v 3.0.0 
(ToxRat Solutions, Aachen, Germany). Data from bioas-
says were analysed by a two-way ANOVA followed by 
Bonferroni t test for multiple comparison of means. Shap-
iro–Wilk’s test was performed to check the normal distri-
bution followed by Levene’s test for variance homogene-
ity analysis. Data transformation was included when data 
were not normally distributed. All tests were performed at 
the 5% level of significance.

3  Results and discussion

3.1  Characteristics of AgNPs

The SPR curves (Fig.  1a) show well-defined absorp-
tions peaks at 406 (T-AgNP), 400 (E-AgNP) and 414 nm 
(C-AgNP) that indicate the presence of AgNPs [4, 19, 76, 
82, 97]. These peaks were absent in controls contain-
ing media, pure coating material and coating material 
plus KOH. The secondary peaks of SPR spectra at 272 
(T-AgNP), 270 (E-AgNP) and 256 nm (C-AgNP) are due 
to the Ag-bound tyrosine [43, 82], EGCG [87] and cur-
cumin molecules [75], respectively. The TEM images 
(Fig. 1b–d) further confirm the presence of spherical 
NPs. The mean core sizes obtained by analysing 50–150 
particles from ImageJ software analysis and the HDD 
obtained by DLS measurements are shown in Table 1. 
The mean size of NPs indicates that they may be con-
sidered approximately same diameter for the purpose 
of investigations performed in this study. The histogram 
(Fig. S.2) indicates a wide distribution of core particle 
sizes with few approaching up to approximately 40 nm 
in diameter. The size measured by the DLS technique is 
the HDD of the theoretical sphere of the NPs which is 
influenced by the substances adsorbed onto the NPs. 
Bigger HDD values obtained from DLS than the sizes 
obtained by TEM images for the NPs used in this study 
(Table 1) suggest the presence of coatings on AgNPs 
[95] while zeta potential values below − 30 mV suggests 
strong bonding of organic molecules on AgNP surface 
[20]. However, the value of the shell thickness calculated 
for T-AgNPs, E-AgNPs and C-AgNPs (approximately 41, 31 
and 23 nm, respectively) is contradictory to the smaller 
shell thickness visible in the TEM images. The z-average 
is the intensity weighted mean hydrodynamic size of 
particles. The intensity-based data are biased towards 
larger particles shifting the z-average towards larger 
values [89]. Larger z-average values observed for AgNPs 
in this study may be because of aggregates formed by 
interaction between molecules adsorbed onto nanopar-
ticles surface. However, the forces between nanoparti-
cles in the aggregates are not so strong in this case, and 
therefore, the aggregates are not visible in TEM images 
after sample preparation. The concentrations of T-AgNP, 
E-AgNP, C-AgNP and  Ag2SO4 stock solutions were 45.59, 
48.84, 42.66 and 10.52 mg L−1, respectively.

3.2  AgNP stability and dissolution

AgNP suspensions in algae medium were initially yellow-
ish in colour with absorption peaks of T-AgNPs, E-AgNPs 
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and C-AgNPs were at 406, 400 and 414 nm, respectively. 
E-AgNP suspension turned to yellowish red within min-
utes, but the colour of T-AgNP and C-AgNP was stable 
even after 72 h. Absorption peaks of T-AgNP and E-AgNP 
SPR spectra decreased by 32% compared with only 
10% decrease in C-AgNPs (Fig. 2). The plasmon bands 
of E-AgNPs broadened, a shoulder appeared for both 
T-AgNPs and E-AgNPs, but no changes were observed for 
C-AgNPs. The mean HDD of T-AgNPs increased approxi-
mately by 1.5 while no significant increase was observed 
for E-AgNPs and C-AgNPs (Table 2). Further, polydisper-
sity index of both T-AgNPs and E-AgNPs did not change 
significantly. However, the distribution analysis of DLS 
results from standard reports revealed that the percent-
age fractions of T-AgNPs and E-AgNPs with sizes over 
100 nm have increased by 8% and 29%, respectively. 
Therefore, it is required to be very careful in interpret-
ing the results obtained from DLS technique. Further, it 

is recommended to use other reliable techniques as well 
such as atomic force microscopy (AFM) and TEM to com-
prehensively study the stability of NPs. The zeta poten-
tial for all the particles increased instantly but remained 
close to − 30 mV thereafter (Table 2). The percentage 
dissolution of  Ag+ ions from T-AgNPs and E-AgNPs was 
below 0.5% in algae medium within the test duration 
while it was approximately 1.5% for C-AgNPs by the end 
of 72 h.

A broader absorbance peak, large background signal 
and increased HDD indicate aggregation of NPs [90, 94]. 
As per the SPR and HDD results, aggregation in the M4 
medium was highest for T-AgNPs followed by E-AgNPs 
while C-AgNPs showed no signs of aggregation. Aggre-
gation of NPs depends on particle concentration, pH, ionic 
strength, ionic composition, concentration and composi-
tion of natural organic matter, and other characteristics of 
the aqueous media [53, 104]. Since these parameters are 
not considerably different, it can be suggested that the 
observed differences in destabilization was due to differ-
ent coating materials [68]. Influence of coating materials of 
NPs on their stability is reported elsewhere [10, 51, 94]. The 
colour, SPR peak (Fig. S.3A–C), HDD (Table S.1) and Zeta 
potential (Table S.1) of all three types of NP suspensions 
in MilliQ water remained largely unchanged. Less aggre-
gation of NPs in MilliQ water, but not in the M4 medium 
could be attributed to the higher ionic strength of the 

Fig. 1  a The SPR of AgNPs in 
MilliQ water. TEM images of 
b T-AgNPs, c E-AgNPs, and d 
C-AgNPs

Table 1  Summary of AgNP sizes and zeta potential in MilliQ water

T-AgNP E-AgNP C-AgNP

HDD 51.58 ± 0.55 40.06 ± 1.50 36.37 ± 0.58
TEM average size 

(nm)
10.56 ± 2.27 9.27 ± 1.29 13.68 ± 0.76

Zeta potential (mV) − 42.13 ± 0.33  − 38.93 ± 1.37 − 44.65 ± 1.65
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medium. However, the dissolution of all types of AgNPs 
was slightly higher in MilliQ water (Table S.1) than in the 
algae medium. This may be due to the precipitation of Ag 
ions by halides  (Cl−) in the medium [30, 77] leaving less 
detectable ions in the solution. Halides may reduce the 
exposure of organisms to any free ions released from NPs. 
Also, MilliQ water was slightly acidic (pH: 6.44) compared 
to media which may have caused higher oxidation of 
AgNPs releasing more  Ag+ ions into the solution [107]. The 
dissolution experiments were conducted using AgNP con-
centrations which were 1–3 orders of magnitude higher 
than the concentrations used in the experiment.  Ag+ ion 

release kinetics tend to level off at higher concentrations, 
but this possibility was excluded since the observed dis-
solved ion concentrations were marginal. However, studies 
have shown that far higher percentages of  Ag+ ion release 
are commonly observed at low concentrations as a func-
tion of time. Therefore, the percentage  Ag+ ions released 
from the NPs in tests vials may be higher than the values 
presented.

The behaviour of NPs in test systems is not predict-
able using the traditional methods of partitioning and 
bioavailability [22, 66]. The stability of organic-coated 
AgNPs in biological media has received significant 

Fig. 2  The SPR curves of a T-AgNPs, b E-AgNPs, and c C-AgNPs in M4 medium

Table 2  HDD, zeta potential, polydispersity index (Pdi) and dissolution of AgNPs with different coatings in M4 medium measured at differ-
ent times within the test duration

NPs were dispersed in the media at Ag concentration of 5 mg L−1. Standard deviations (± SD) are from triplicates. See Table S.1 for relevant 
data in MilliQ water

Substance HDD (nm) Zeta potential (mV) PdI % Dissolution

< 5 min 72 h < 5 min 72 h < 5 min 72 h 24 h 48 h 72 h

T-AgNP 50.4 ± 7.1 75.1 ± 4.8 − 29.7 ± 1.7 − 30.7 ± 1.1 0.37 ± 0.08 0.45 ± 0.01 0.06 ± 0.14 0.15 ± 0.11 0.25 ± 0.09
E-AgNP 40.1 ± 10.3 51.1 ± 2.6 − 30.8 ± 1.1 − 29.8 ± 2.3 0.58 ± 0.09 0.52 ± 0.10 0.16 ± 0.26 0.06 ± 0.21 0.22 ± 0.02
C-AgNP 45.0 ± 3.8 48.9 ± 2.2 − 29.0 ± 2.1 − 31.0 ± 1.6 0.42 ± 0.02 0.42 ± 0.07 0.66 ± 0.81 1.36 ± 0.58 1.39 ± 0.61



Vol.:(0123456789)

SN Applied Sciences (2020) 2:596 | https://doi.org/10.1007/s42452-020-2430-z Research Article

attention in the last few years in nanotechnology and 
toxicology studies [3, 84]. Similar to the observations 
made in this study, other toxicological studies also 
have shown that aggregation, dissolution, change in 
NP characteristics and culture media influence the bio-
availability of NPs and hence, play an important role 
in determining toxicity [37, 86, 106]. Therefore, it is 
required to consider those factors when performing 
toxicity assessments.

3.3  Algal toxicity of AgNPs and  Ag+ ions

Concentration-effect curves (Fig. 3) show that the average 
specific growth rates decreased with increasing concentra-
tion of all three types of NPs and  Ag+ ions indicating that 
the toxicity positively correlated to the concentration. Also, 
a time-dependent effect was observed for all three type of 
AgNPs and  Ag+ ions at all concentrations since the differ-
ences between growth rates of algae in exposed groups 
decreased compared with control groups during 72 h 
of exposure period. The 72 h  EC10,  EC20 and  EC50 values 

Fig. 3  Concentration-effect curves showing the influence of AgNPs with different coatings and Ag + on growth rate of the introduced Raphi-
docelis subcapitata as observed from 0 to 72 h

Table 3  The toxicity of AgNPs 
with different coatings and 
 Ag+ ions to algae Raphidocelis 
subcapitata (Based on 72-h 
growth inhibition)

Substance EC50 EC20 EC10

mg  L−1 95% confidence 
interval

mg  L−1 95% confidence 
interval

mg  L−1 95% 
confidence 
interval

Ag+ ions 0.051 0.044 0.059 0.035 0.035 0.039 0.031 0.025 0.032
T-AgNP 0.163 0.136 0.194 0.133 0.115 0.153 0.119 0.103 0.138
E-AgNP 0.243 0.105 0.538 0.072 0.039 0.133 0.038 0.022 0.07
C-AgNP 0.155 0.088 0.271 0.051 0.033 0.081 0.029 0.018 0.045
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which were calculated based on the percentage inhibi-
tion of growth of alga upon exposure to AgNPs and  Ag+ 
ions are shown in Table 3. Among the three coated AgNPs, 
toxicity of C-AgNPs and T-AgNPs (72 h  EC50: 0.155 and 
0.163 mg L−1) were not significantly different and caused 
the highest toxicity while E-AgNPs were the least toxic 
(72 h  EC50: 0.243 mg L−1). However,  EC20 and  EC10 values 
of T-AgNPs (133 and 119 µg L−1) were considerably higher 
than both E-AgNPs (0.072 and 0.038 mg L−1) and C-AgNPs 
(0.033 and 0.029 mg L−1). Although there was no difference 
between the toxicity of T-AgNPs and C-AgNPs based on 
 EC50 values, this demonstrates that the toxicity of T-AgNPs 
increased rapidly with increased concentrations; the per-
centage of viable cells compared to the control at the 
highest concentration tested (0.2 mg L−1) was only 6% for 
T-AgNPs in comparison with 15.3 and 26.3% for C-AgNPs 
and E-AgNPs, respectively, confirming that the toxicity of 
AgNP is in the order of T-AgNP > C-AgNP > E-AgNP. The 
toxicity of AgNPs to freshwater algae has been examined 
in several studies and the values obtained in the present 
study are consistent with the reported  EC50 values which 
are ranging from 0.008 to 1.2 mg L−1 [39, 44, 50, 74, 88]. 
However, the toxicity of  Ag+ ions observed (72 h  EC50: 
0.051 mg L−1) was less than the reported values, ranging 
from 0.005 to 0.034 mg L−1 [39, 50, 74, 88]. This may be due 
to the source of  Ag+ ions in the current study was  Ag2SO4 
instead of  AgNO3 which was the preferred source of  Ag+ 
ions in other studies and  AgNO3 may be more toxic to 
algae than  Ag2SO4.

Most previous studies reported that the nano form of 
Ag was less toxic in comparison with their ionic counter-
parts  (Ag+ ions) [62]; it is likely that the liberated ions from 
the NPs cause toxicity [28, 70, 102, 103]. In the present 
study, the  EC50 value (72 h) of  Ag+ ions (0.051 mg L−1) 
observed is significantly lower than the  EC50 values of the 
AgNPs which suggests that the tested coated AgNPs are 
less toxic than  Ag+ ions. However, interestingly, the  EC10 
of  Ag+ ions (0.029 mg L−1) and C-AgNPs (0.029 mg L−1) 
were similar along with the  EC50 values of E-AgNPs 
(0.038 mg L−1). Ribeiro et al. [74] exposed R. subcapitata 
to alkane-coated AgNPs (size < 10 nm) and  Ag+ ions and 
observed that AgNPs were twice as toxic as  Ag+ ions at 
concentrations of 0.025 mg L−1. Further, Navarro et al. [61] 
reported that the toxicity of AgNPs were much higher than 
that of the  Ag+ ions to Chlamydomonas reinhardtii when 
compared as a function of  Ag+ ions, since the free  Ag+ 
ions from AgNPs in the medium could not fully explain 
the toxicity. In the present study, the  EC50 values calcu-
lated (data not shown) as a function of  Ag+ ion concen-
trations (by using the percentage dissolution values) for 
all three types of NP concentrations used are far below 
the  EC50 value obtained for  Ag+ ions  (Ag2SO4). Also,  Ag+ 
ions liberated from NPs may be precipitated by the halides 

in the culture medium causing less concentration of  Ag+ 
ions than predicted by using the percentage dissolution 
values obtained from dissolution experiments. Therefore, 
the toxicity caused by liberated ions from all three types 
of AgNPs is considerably less, and therefore, the observed 
toxicity of AgNPs to alga in this study is mainly attributed 
to the particle effects rather than from  Ag+ ions.

The unicellular algae R. subcapitata was selected for the 
experimental analysis since it is a popular alga species in 
ecotoxicology due to its wide availability, ease of culture, 
ecological relevance and high sensitivity to contaminants. 
It is used as a model organism in the OECD algal growth 
inhibition test [63] and in other regulatory agencies world-
wide. Algal growth inhibition at the exponential growth 
stage is the most frequent criterion used to evaluate tox-
icity. Growth inhibition is inferred in terms of change of 
biomass which is determined by cell count, chlorophyll 
a measurement or dry weight [40]. MLA medium [11, 99] 
was selected for the study since it was highly effective for 
culturing the particular alga in our lab in comparison with 
the Hoagland and standard OECD algae growth medium. 
Aruoja et al. [8] assessed the effects of shading by NPs on 
the performance of algae and concluded that the shad-
ing effect from NPs was negligible. The NP concentrations 
they used were three orders of magnitude higher than 
the concentrations used in this study, and therefore, it 
was assumed that shading from NPs had no effect on the 
results obtained. Quantification of algae cells in tests was 
done by measuring the in vivo chlorophyll fluorescence 
(POLARstar omega, BMG LABTECH) which proved highly 
effective. Automated cell counting (TC20™ Automated Cell 
Counter, Bio-Rad Laboratories, Hercules, CA) was effec-
tive with viable cells, but gave unrealistic readings in the 
presence of dead cells, especially when samples treated 
with higher concentrations of highly toxic  Ag+ ions were 
measured. The suitability of the fluorometric method for 
quantification of algae cells was demonstrated in a previ-
ous study conducted by Eisentraeger et al. [26] and used 
by several researchers [8, 35].

3.4  Associated AgNPs and  Ag+ ions

The associated Ag contents in algae against the concen-
tration of AgNPs and  Ag+ ions are shown in Fig. 4a, b, 
respectively. The results demonstrate that the associated 
Ag quantity increases with increased concentrations for 
both Ag NPs and  Ag+ ions. However, the Ag accumula-
tion in algal cells exposed to  Ag+ ions is comparatively 
higher than the Ag NPs while the  Agcell was approximately 
6.5 times higher in the algal cells exposed to  Ag+ ions 
(0.1 mg L−1) compared to C-AgNPs (0.11 mg L−1). A linear 
increase in  Agcell was observed in the algal cells exposed to 
 Ag+ ions and AgNPs up to 0.14 mg L−1 (r2 between 0.84 and 
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0.98, respectively) while an exponential increase in  Agcell 
was observed at higher (0.17 and 0.2 mg L−1) concentra-
tions. Piccapietra et al. [67] found higher internalization 
of Ag in Chlamydomonas reinhardtii exposed to  Ag+ ions 
 (AgNO3: 0.002–0.053 mg L−1) compared to carbonate-
coated AgNPs (AgNPs: 0.053–1.078 mg L−1, size: 29 nm) 
and the accumulation correlated with the concentration. 
They also observed a linear increase in  Agcell in algae 
exposed to  Ag+ ions but not in the algae exposed to AgNPs 
where a constant accumulation level was observed at NP 
concentrations above 0.215 mg L−1. When the alga Euglena 
gracilis was exposed to AgNPs and  Ag+ ions, Li et al. [50] 
also observed a linear increase in  Agcell in algae exposed 
to  Ag+ ions, but not for AgNPs where  Agcell remained 
constant above the AgNP concentration of 0.269 mg L−1. 
Merdzan et al. [55] investigated the bioaccumulation of 
differently coated ZnNPs and  Zn2+ ions in the alga C. rein-
hardtii and observed lower bioaccumulation of Zn from 
ZnNPs compared to Zn salt or bare ZnONPs which liber-
ate more  Zn2+ ions. Size of the pores and the change of 
permeability of cell wall limit the passage of silver through 
the cell wall [60], but not for ionic forms which can be 
explained by commonly accepted models including the 
free ion activity and biotic ligand models [24, 85]. When 
compared with other studies,  Agcell in AgNP-exposed 
algae cells in the present study did not reach a constant 
or steady state with increased concentration of AgNPs. This 
may be due to the maximum AgNP concentration tested 
in this study was 0.2 mg L−1 whereas others observed 
 Agcell level became constant when the algae was exposed 
to AgNP concentrations above 0.2 mg L−1. We previously 
showed that  Ag+ ions were most toxic while E-AgNPs were 
least toxic. The highest associated Ag content was found 
in algae exposed to  Ag+ ions followed by T-AgNP, C-AgNP 

and E-AgNPs. Therefore, it can be inferred that the toxicity 
correlates to the associated Ag content.

Difference in associated Ag content can be attributed 
to difference in bioavailability of NPs as suggested by Pic-
capietra et al. [67]. Further, it can be assumed that the type 
of coating of AgNPs used in this study influenced the bio-
availability of AgNPs resulting in different uptake of AgNPs. 
However, data obtained from this study are insufficient to 
identify the reasons for the observed difference in uptake. 
Metallic NPs may cause toxicity to algae by ions released 
from NPs while they are in the suspension, attached to the 
surface of cells or after internalization [25, 56]. However, 
toxicity of NPs other than from released ions have been 
reported [56]. The coatings of AgNPs used in this study 
considerably reduced the dissolution of ions from AgNPs 
in suspension. The concentrations of  Ag+ ions released 
which were calculated based on percentage dissolution 
were well below the  EC50 of  Ag+ ions observed. There-
fore, the causes of toxicity could be attributed to the ions 
released from the associated AgNPs (surface attached or 
internalized) plus other adverse effects from AgNPs includ-
ing physical damage. Associated Ag quantification was 
performed based on ICP-MS analysis after acid digestion. 
Any AgNPs associated with the algae would have been 
converted to  Ag+ ions with acid digestion. Therefore, from 
the results obtained, it is not possible to differentiate cor-
rect quantities of associated AgNPs from any  Ag+ ions 
released from NPs.

3.5  Enzyme activity

Increased activities of GST and CAT were found in alga 
upon exposure to AgNPs and  Ag+ ions at higher concen-
trations (Fig. 5). NPs induce ROS production [6, 25, 54, 65, 

Fig. 4  Cell associated silver measured in Raphidocelis subcapitata 
after 72  h upon exposure to a AgNPs with different coatings, and 
b  Ag+ ions at different concentrations. The error bars indicate the 
SD (p < 0.05, n = 3). Letter sign denotes comparison of p values for 

particles within each concentration and control while the number 
sign denotes comparison of p values for each particle within differ-
ent concentrations
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100] and the upregulation of enzyme activities during 
exposure could be associated with increased production 
of ROS in the algae [21]. Generation of ROS inhibits algal 
growth and photosynthesis by damaging the cell mem-
brane, nucleus and chloroplasts [21, 100]; the activity of 
some antioxidative enzymes are triggered in defence to 
protect from those negative effects [38]. CAT catalyses 
the dismutation of  H2O2 to  H2O and  O2 while GST inacti-
vates secondary metabolites such as lipid hydroperoxides 
in response to ROS [52] and is responsible for the repair 
of ROS oxidized macromolecules of damaged cellular 
components [7]. None of the AgNPs or  Ag+ ions caused 
increased activation of GST below 0.2 mg L−1 compared 
with the control while the activity was strongly triggered 
in algal cells exposed to 0.4 mg L−1 of C-AgNPs and 0.4 
and 0.8 mg L−1 of  Ag+ ions. Also, the GST activation in algal 
cells exposed to 0.4 mg L−1 of C-AgNPs was significantly 
different to the cells exposed to same concentrations of 
T-AgNP and E-AgNP. CAT activity also was not significantly 
increased by AgNPs at concentrations below 0.2 mg L−1. 
However, an increased activation of CAT was observed in 
algae exposed to increased concentrations of T-AgNPs, 
E-AgNPs and  Ag+ ions (0.4 and 0.8  mg  L−1) compared 
with the control. C-AgNPs increased CAT activity only at 
0.8 mg L−1 concentration though it caused significantly 
less activation of CAT levels compared with other types of 
NPs and  Ag+ ions within the same concentration group.

To date, the data regarding the effects of AgNPs on anti-
oxidant activities in algae are scarce. However, increased 
GST and CAT activities were previously recorded after 
exposure to other NPs such as  TiO2 NPs [21] and CuO NPs 
[54]. The activation of enzymes is different for AgNPs with 
different coatings and the toxicity may depend on the abil-
ity of the antioxidant system to activate the antioxidant 

enzymes at different concentrations of AgNPs with differ-
ent surface functionalization. However, results from this 
study do not provide any strong basis for explaining the 
differential enzyme activation by differently coated AgNPs. 
Therefore, correlations between differently coated AgNPs 
and activation of antioxidant enzymes need further inves-
tigation. Also, the activation of antioxidant system is com-
plex [23, 58] and the mechanisms of toxicity of each type 
of differently coated AgNPs on algae may be equally com-
plex [15, 56]. Therefore, it is difficult to explain the cause 
of the differential toxicity of differently coated AgNPs by 
the response of tested enzymes activities, and thus, it is 
required to evaluate the responses of suit of antioxidant 
enzymes to fully explain the different toxic effects.

4  Conclusion

This study shows that the physicochemical characteris-
tics of the surface coatings of AgNPs play a major role in 
determining their behaviour in the algae growth medium, 
the toxicity, bioaccumulation and antioxidant enzyme 
responses of algae. T-AgNPs seemed less stable compared 
with E-AgNPs and C-AgNPs though all three types of NPs 
remained quite stable in the 72-h test duration. The high-
est toxicity to algae was caused by ionic silver followed by 
C-AgNPs, T-AgNPs, and E-AgNPs, respectively. The results 
clearly showed that toxicity increased with the concen-
tration of  Ag+ and AgNPs; the associated Ag content in 
algae followed the same pattern. Increased GST and CAT 
levels indicate increased antioxidant activity in response 
to possible ROS production caused by AgNPs and  Ag+ ions. 
Taken together, these findings indicate that AgNPs pose 
ecological risk to aquatic organisms depending on the 

Fig. 5  Effect of AgNPs with different coatings and  Ag+ ions on anti-
oxidant enzymes a GST, and b CAT activities of Raphidocelis Subcap-
itata after 72 h of exposure at different AgNP and  Ag+ ion concen-
trations. GST glutathione S-transferase, CAT  catalase. The error bars 

indicate the SD (p < 0.05, n = 3). Letter sign denotes comparison of p 
values for particles within each concentration and control while the 
* sign denotes comparison of p values between concentrations for 
each particle
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inherent characteristics of the NP and surrounding envi-
ronment. Therefore, these factors should be considered in 
environmental risk assessment of AgNPs. In addition, the 
sensitivity of algae varies with differently functionalized 
AgNPs; further studies are recommended to understand 
the influence of different coatings on the toxicity of AgNPs 
to primary producers in aquatic ecosystems.
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