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Introduction 

Production of engineered nanomaterials (ENM) has increased exponentially in the 

global market products due to their special physicochemical properties respect to bulk 

material.1,2 The production and application of silver nanoparticles (Ag NPs) in 

consumer products is primarily related to the well-known antibacterial property of the 

silver ions (Ag+) released from the ENM surface. Other uses of Ag NPs are electrical 

devices, detergents, textiles, cosmetics, outdoor paints and agricultural products and 

water treatment.3,4  

Most relevant processes that govern the stability and mobility of NPs in the aquatic 

environment are NPs agglomeration, aggregation, dispersion, sedimentation, and 

dissolution.5 In the case of Ag NPs, oxidative particle dissolution and Ag+ release is an 

important process that has also needed to be taken into account. This later process 

can be influenced by external conditions, such as temperature, pH, ionic strength and 

presence of other organic and inorganic molecules. Concerning Ag NPs toxicity, both 

direct effect of the Ag NP as well as the indirect effect mediated by the Ag+ released 

from their surface need to be differentiated. 

Few data are available about toxicity of Ag NPs in microalgae, despite the relevance 

of this trophic level in aquatic ecosystems. The mechanisms involved in the toxicity of 

Ag NPs or ions are related to the interactions with cell wall and damage of the cell 

membrane, triggering membrane integrity loss and cell lysis. Oxidative stress can be 

provoked as result from nanoparticle exposure and the occurrence of dissolved oxygen 

resulting free radicals at the cellular surface. Physical adhesion and internalization of 

Ag NPs in microalgae have been also reported.6 However, the gap of the mechanisms 

involved in the Ag NPs toxicity to microalgae in different culture media should be 

studied in depth. 

The purpose of this work is to assess the toxicity of Ag NPs to microalgae (from 

freshwater to saltwater species) and understand the mechanisms involved in its 

toxicity, studying intrinsic factors (size and dissolution of Ag NPs), as well as extrinsic 

factors (behavior of Ag NPs in different of culture media). 
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Materials and Methods 

Characterization of Ag NPs 

AgNPs <2 nm (AgNP1) and AgNPs <15 nm (AgNP2), both in H2O suspension, as well 

as AgNPs in nanopowder 30-50 nm (AgNP3) were characterized. Initial particle size of 

Ag NPs, specific surface area (SBET) and porosity, as well as zeta potential and 

agglomeration over time of AgNPs, were studied in ultrapure water, freshwater and 

artificial marine water through Dynamic Light Scattering (DLS) and Transmission 

Electronic Microscopy (TEM). 

To quantify dissolved Ag from Ag NPs in artificial freshwater and marine water, 

samples were filtered by ultra-filtration (3000 MWCO) and subsequently measured by 

a single quadrupole inductively coupled plasma mass spectrometry (ICP-MS). 

Speciation of Ag in artificial freshwater and marine media was developed with the 

software Visual minteq 3.1. 

Test organisms 

Two microalgae species were selected, one of them from freshwater environment 

(Chlamydomonas reinhardti, CHLOROPHYCEAE) and another from marine 

environment (Phaeodactylum tricornutum, BACILLARIOPHYCEAE) both obtained 

from the ICMAN Marine Microalgae Culture Collection (IMMCC). 

Toxicity bioassays 

Bioassays were carried out with both Ag NPs (AgNP1 and AgNP2) and nanopowder. 

Experiments were performed under continuous visible light (300 µE-2s-1). Growth 

inhibition bioassays were carried out following OECD (1994) Guidelines 7, in order to 

determine the effective concentration, 50% (EC50) after 72 hours for microalgal 

cellular concentration (initial cell density, 104 cells mL-1). Initial NPs concentrations 

used in the bioassays were 10, 40, 75, 150 and 300 µg·L-1. Cells were counted by flow 

cytometry (BD Accuri C6). EC50s were calculated through Trimmed Spearman-Karber 

method (TSK) software.  

Effective quantum yield of photosynthetic energy conversion in PSII in dark was 

measured by fluorimetry using a Phyto-PAM (Heinz Walz GmbH) equipped with an 

Optical Unit ED-101 US/MP.  

Flow cytometry analysis 

Cell size and cell complexity were studied by flow cytometry using FSC-H and SSC-H 

detectors, respectively. FSC-H was calibrated with the kit SPH-PPS-6K from 

Spherotech, Inc. The ranges of spheres were 2.0-2.4, 3.0-3.4, 5.0-5.9, 7.0-7.9, 8.0-

12.9 and 13.0-17.9 µm. 
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Production of intracellular ROS (reactive oxygen species: superoxide, hydroxyl and 

hydrogen peroxide) was quantified using the method 2’-7’-dichlorofluorescein 

diacetate (DCFH-DA).8 Membrane integrity was quantified, following the Propidium 

Iodide (PI) method.9 Percentage of ROS and damage of membrane integrity were 

measured after 6, 24, 48 and 72 h. 

Statistical analysis 

Generalized Linear Model (GLM) and ANOVA with a Dunnett pos hoc (p<0.05) were 

developed with the software SPSS 22 version. 

Results and Discussion 

One of the main mechanisms of Ag NPs toxicity is silver ions released from Ag NPs. 

Amount of dissolved Ag from Ag NPs was related to size. Smaller NPs, with more 

reactive surface area, showed higher percentages of dissolved Ag (AgNP1 > Ag NP2 

> AgNP3). In artificial freshwater percentage of dissolution were around 1.8 - 4 % for 

AgNP1, 0.3 - 1.4 % for AgNP2 and less than 0.1 % for AgNP3. On the other hand, in 

artificial marine water, percentage of dissolution was between 35 - 95 % for AgNP1, 

14 - 23 % for AgNP2 and 0.38 - 1.25 % for AgNP3. Percentages of dissolved Ag from 

Ag NPs were thus depending on the culture media showing higher rate of dissolution 

in artificial marine water (25 times higher than freshwater) surely due to high NaCl 

concentration in artificial marine water, as chloride will catalyze Ag NPs dissolution 10 

(Figure 1). Although dissolution of Ag NPs increased in artificial marine water, Ag 

species formed in both culture media were different. In marine culture media a 53.7% 

of total dissolved Ag was composed by AgCl2- and 45.2 % formed AgCl3-2. On the other 

hand, in freshwater culture media, 26.7 % of total dissolved silver was Ag+. Indirect 

effect induced by free Ag+ could be the main responsible of Ag NPs toxicity in aquatic 

organisms, and higher toxicity of NPs on the freshwater environment. Additionally, the 

small initial size of Ag NPs and hence higher concentrations of dissolved Ag+ in 

freshwater culture media could be also related with this higher toxicity response in the 

freshwater microalgae species, where AgNP1 and AgNP2 showed both an EC50 <10 

µg L-1 while EC50 for AgNP3 in the same media was >300 µg L-1. Mechanism of Ag 

NPs toxicity could be also controlled by other factors (direct effect of Ag NPs) which 

were not related with Ag dissolved from Ag NPs. Thus, AgNP2 caused a higher toxic 

response on P. tricornutum with an EC50 of growth inhibition between 143 - 184 µg L-

1. This direct effect could be internalization of nanoparticles and adhesion of Ag NPs 

on cell wall. Some responses such as cell complexity and effective quantum yield 

showed higher changes respect to the controls with AgNP2 treatment. The toxicity of 

AgNP2 could be related to its stage of agglomeration hence internalization and 

interaction of small agglomerates with the cells, as AgNP2 showed smaller 

hydrodynamic size than AgNP1 and AgNP3 in artificial marine water over 24 h of 

experiment. 
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Other toxicological endpoints such as cell size, autofluorescence, % ROS and % of 

membrane cell damage were affected in both microalgae by Ag NPs treatments and 

doses-responses with Ag NPs treatments were found. 

 

Conclusions 

Our results indicate different mechanisms of toxicity of Ag NPs on marine and 

freshwater microalgae. Indirect effect of Ag NPs (such as release of free Ag+) could 

determine the major toxicity of Ag NPs on freshwater microalgae assayed, while direct 

effects of Ag NPs (possible internalization of Ag NPs and interactions NPs-Cells) could 

govern the toxicity on selected marine microalgae species.  

 

Figure 1.Dissolution of Ag from 1000 ppb of Ag NPs over time. 
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