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Summary 
Information on the fate, bioavailability, and toxicity of engineered silver 

nanoparticles (AgNP) is needed to evaluate risks posed by their entering in the aquatic 

environment. Thus, the aim of this PhD thesis is to investigate the fate of carbonate-

coated AgNP under natural water conditions, and their bioavailability and toxicity to the 

green alga Chlamydomonas reinhardtii, by discriminating between the direct effects of 

the AgNP and the indirect effects induced by the free silver ions (Ag+). 

To investigate the colloidal stability of AgNP, the influence of pH, ionic strength, 

and humic substances on their physicochemical properties was systematically 

investigated in synthetic and natural freshwater. The stability of AgNP depended on the 

properties and stability of the particle coating. According to size measurements, an 

increased AgNP agglomeration was measured below pH 4 and at electrolyte 

concentrations above 2 mM Ca2+ and 100 mM Na+. The stability of AgNP in natural 

freshwaters was also identified to be primarily controlled by the electrolyte type and 

concentration. Thus, according to the chemical properties of an aquatic system, a certain 

degree of mobility and persistence of slightly agglomerated AgNP can be expected. 

To explore AgNP bioavailability to algae and to inform on the role of the algal cell 

wall, the intracellular silver uptake upon exposure to 0.5-10 µM AgNP and 20-500 nM 

AgNO3 was investigated in the wild type and in the cell wall free mutant of                    

C. reinhardtii. To measure intracellular concentrations, a wash procedure to remove Ag+ 

and AgNP from the algal cell surface was performed. The results indicated an increased 

silver uptake with increasing exposure time and AgNP and AgNO3 concentrations in the 

exposure media. Steady-state concentrations between 10-5 and 10-3 mol Lcell
-1 were 

reached after 20 to 60 minutes. In case of Ag+ and according to Michaelis-Menten 

analysis, high uptake kinetics values (Jmax, 8 x 10-9 mol m-2 min-1; Vmax, 8 x 10-6 mol  

Lcell
-1 min-1; Km, 10-7 mol L-1) and bioconcentration factors (> 103 L Lcell

-1) were 

determined. Due to the higher uptake rates in the mutant, a protective role of the cell wall 

in limiting Ag+ uptake was suggested. Additionally, AgNP bioavailability was calculated 

to be low in both strains relative to Ag+, indicating a limited AgNP internalization across 

the cell membrane. 
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To examine the acute toxicity of AgNP, both strains of C. reinhardtii were exposed 

to 0.1-500 µM AgNP and 0.01-10 µM AgNO3, and their effects on photosynthesis, 

intracellular esterase activity, and membrane integrity were measured. To discern 

between the effect of the nanoparticles themselves and the effect of Ag+, experiments 

were performed in the presence of the silver ligand cysteine, which upon complexation of 

Ag+ abolished toxicity induced by Ag+. The results showed that for all assessed endpoints 

inhibitory effects of AgNP are determined by Ag+, and that the mutant had a higher 

sensitivity than the wild type. Due to the higher sensitivity of photosynthesis (EC50 after  

1 hour = 18-37 nM Ag+, for the mutant) in comparison to the other endpoints (EC50 after 

1 hour = 157-645 nM Ag+, average for both strains), a specific interaction of Ag+ with the 

photosystem II was hypothesized. 

The effects of AgNP and AgNO3 on photosynthesis were also described as a 

function of intracellular silver concentrations. In both strains, the photosynthetic yield 

was inhibited by similar silver concentration (EC50 after 1 hour = 10-4 mol Ag Lcell
-1), 

suggesting that the different sensitivity between the wild type and the mutant was induced 

by the different silver uptake kinetics, and not by different mechanisms of metal toxicity 

and detoxification. 

In conclusion, this work showed that, under specific conditions, AgNP might be 

stable and persistent in the aquatic environment. Concerning the AgNP bioavailability 

and toxicity to the green alga C. reinhardtii, both intracellular uptake and effects were 

observed to be mainly related to the highly bioavailable Ag+, which may be released from 

AgNP by dissolution, while the direct AgNP bioavailability was low. 
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Riassunto 
Lo studio sul comportamento, la disponibilità biologica, e la tossicità delle 

nanoparticelle di argento (AgNP) è necessario al fine di valutare i rischi derivanti dalla 

loro possibile immissione nel sistema acquatico. Pertanto, lo scopo di questa tesi é quello 

di esaminare il comportamento di AgNP ricoperte di carbonato in sistemi acquatici che 

mimano le principali caratteristiche delle acque naturali. La loro disponibilità biologica e 

tossicità nei confronti dell’alga verde Chlamydomonas reinhardtii è stata studiata 

differenziando sia gli effetti diretti delle AgNP che quelli derivanti dall’argento ionico 

(Ag+). 

L’analisi della stabilità colloidale delle AgNP in acque naturali e sintetiche è stata 

eseguita analizzando sistematicamente gli effetti del pH, della forza ionica, e delle 

sostanze umiche sulle loro proprietà fisiche e chimiche. I risultati hanno evidenziato una 

maggiore agglomerazione delle AgNP a pH minori di 4 e in presenza di alte 

concentrazioni di calcio (2 mM Ca2+) e sodio (100 mM Na+). Inoltre la concentrazione ed 

il tipo di sali sono stati identificati come i fattori predominanti per il controllo della 

stabilità delle AgNP in acque naturali. Di conseguenza, a seconda delle proprietà 

chimiche di un sistema acquatico, è possibile prevedere un diverso grado di mobilità e 

persistenza delle AgNP. 

Al fine di esaminare la disponibilità biologica delle AgNP per le alghe e di avere 

maggiori informazioni sul ruolo della loro parete cellulare, è stata anche esaminata 

l’assimilazione intracellulare di argento sia nel ceppo selvatico dell’alga C. reinhardtii 

che in quello mutante, privo della parete cellulare, a concentrazioni di AgNP e AgNO3, 

rispettivamente, comprese tra 0.5-10 µM e 20-500 nM. La misura delle concentrazioni 

intracellulari di argento è stata eseguita con una procedura che rimuove le AgNP e l’Ag+ 

dalla superfice delle alghe. Una maggiore assimilazione intracellulare è stata osservata in 

funzione del tempo di esposizione e in presenza di una crescente concentrazione di AgNP 

e AgNO3 nel mezzo di coltura. Le concentrazioni intracellulari di argento allo stato 

stazionario (10-5 and 10-3 mol Lcell
-1) sono state raggiunte dopo un intervallo di tempo 

compreso tra 20 e 60 minuti di esposizione. Nel caso dell’Ag+, una veloce cinetica di 

assimilazione (Jmax, 8 x 10-9 mol m-2 min-1; Vmax, 8 x 10-6 mol Lcell
-1 min-1; Km, 10-7 mol 

L-1) e gli elevati fattori di bioaccumulazione (> 103 L Lcell
-1) sono stati determinati 
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applicando la teoria di Michaelis-Menten. A causa di una maggiore assimilazione nel 

ceppo mutante, si ritiene che la parete cellulare svolga un ruolo protettivo limitando il 

passaggio dell’Ag+. Inoltre, in confronto all’Ag+ è stata calcolata anche una bassa 

disponibilità biologica delle AgNP per entrambi i ceppi. Ciò si riconduce ad una limitata 

internalizzazione delle AgNP attraverso la membrana cellulare. 

La tossicità delle AgNP (0.1-500 µM) e del AgNO3 (0.01-10 µM) è stata analizzata 

per  entrambi i ceppi dell’alga C. reinhardtii misurando il loro effetto sulla fotosintesi, 

sull’attività delle esterasi intracellulari e sull’integrità della membrane cellulare. 

Esperimenti in presenza di cisteina sono stati eseguiti  per differenziare gli effetti delle 

AgNP dagli effetti dell’Ag+. Questo ligando è in grado di complessare gli Ag+ ed abolire 

la loro azione tossica. I risultati hanno dimostrato che in tutti i criteri considerati l’effetto 

inibitore delle AgNP è da ricondurre esclusivamente alla tossicità prodotta dall’Ag+, e 

che le cellule del ceppo mutante sono più sensibili. La maggiore sensibilità della 

fotosintesi (EC50 dopo 1 ora = 18-37 nM Ag+, per il mutante) in confronto all’attività 

delle esterasi intracellulari e all’integrità della membrana cellulare (EC50 dopo 1 ora = 

157-645 nM Ag+, valore medio per entrambi i ceppi) suggerisce che ci sia un’interazione 

specifica dell’Ag+ con il sistema fotosintetico. 

Gli effetti delle AgNP e del AgNO3 sulla fotosintesi sono stati descritti anche in 

funzione della concentrazione intracellulare di argento. La fotosintesi di entrambi i ceppi 

è stata inibita da simili concentrazioni di argento (EC50 dopo 1 ora = 10-4 mol Ag Lcell
-1), 

di conseguenza la differente sensibilità tra i due ceppi è da ricondurre alla diversa cinetica 

di assimilazione e non a diversi  meccanismi cellulari di tossicità o di difesa. 

In conclusione, questo lavoro ha individuato un certo grado di stabilità e persistenza 

delle AgNP in sistemi acquatici che mimano le principali caratteristiche delle acque 

naturali. Inoltre la loro disponibilità biologica e la loro tossicità nei confronti dell’alga   

C. reinhardtii sono dovute esclusivamente all’azione mediata del Ag+, mentre la diretta 

disponibilità biologica delle AgNP è stata valutata come ininfluente. 
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Zusammenfassung 
Informationen über das Verhalten, die Bioverfügbarkeit, und Toxizität von 

technisch hergestellten Silber Nanopartikeln (AgNP) sind notwendig, um ihre Risiken 

durch den Eintrag in die aquatischen Umwelt zu evaluieren. Daher ist das Ziel dieser 

Doktorarbeit, das Verhalten von Carbonate beschichteten AgNP unter umweltrelevanten 

Bedingungen zu untersuchen. Zusätzlich wird die Bioverfügbarkeit und die Toxizität von 

AgNP und freien Silber Ionen (Ag+) einzeln auf die Grünalge Chlamydomonas 

reinhardtii untersucht. 

Um die kolloidale Stabilität von AgNP in synthetischen und natürlichen Gewässern 

abschätzen zu können, wird der Einfluss von pH, ionischer Stärke und Huminstoffen auf 

die physikochemische Eigenschaften der AgNP systematisch untersucht. 

Grössenmessungen haben ergeben, dass eine erhöhte Agglomeration von AgNP bei 

einem pH unter 4 und bei einer Elektrolytenkonzentration von über 2 mM Ca2+ und     

100 mM Na+ auftrat. Die Stabilität von AgNP in natürlichen Gewässern wurde primär 

durch die Art und Konzentration von Elektrolyten bestimmt. Somit kann durch die 

chemischen Eigenschaften eines aquatischen Systems eine gewisse Mobilität und 

Persistenz von leicht agglomerierten AgNP erwartet werden. 

Um die Bioverfügbarkeit von AgNP für Algen und die Rolle der Zellwand zu 

erforschen, wurde die intrazelluläre Silberaufnahme nach Exposition von 0.5-10 µM 

AgNP und 20-500 nM AgNO3 in dem Wildtyp und der zellwandfreien Mutante von       

C. reinhardtii untersucht. Die intrazelluläre Konzentration wurde nach einer 

Waschprozedur gemessen, bei welcher die an der Oberfläche sorbierten Ag+ und AgNP 

entfernt wurden. Die Resultate zeigten eine erhöhte Silberaufnahme mit zunehmender 

Expositionszeit und Konzentration von AgNP und AgNO3 im Expositionsmedium. Eine 

steady-state Konzentration wurde zwischen 10-5 und 10-3 mol Lcell
-1 nach 20 bis 60 

Minuten erreicht. Im Fall von Ag+ konnten, nach der Michaelis-Menten Gleichung eine 

hohe Aufnahmegeschwindigkeit (Jmax, 8 x 10-9 mol m-2 min-1; Vmax, 8 x 10-6 mol Lcell
-1 

min-1; Km, 10-7 mol L-1) und ein hoher Biokonzentrationsfaktor (> 103 L Lcell
-1) 

nachgewiesen werden. Durch die höhere Aufnahmeraten in der Mutante konnte auf eine 

schützende Rolle der Zellwand, welche die Ag+-Aufnahme limitiert, geschlossen werden. 

Eine geringe Bioverfügbarkeit für AgNP wurde für beide Stämme im Vergleich zu Ag+ 
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berechnet. Dies kann auf eine limitierte AgNP-Aufnahme durch die Zellmembran 

zurückgeführt werden. 

Die akute Toxizität von 0.1-500 µM AgNP und 0.01-10 µM AgNO3 auf die 

Photosynthese, intrazelluläre Esteraseaktivität und Membranintegrität wurde für  beide 

Stämme von C. reinhardtii gemessen. Um die direkten Effekte von den Nanopartikeln 

selbst und die Effekte von Ag+ unterscheiden zu können, wurden Versuche mit dem 

Silberligand Cystein durchgeführt. Dieser Ligand komplexiert Ag+ und hebt die Ag+ 

induzierte Toxizität auf. Die Resultate zeigen dass für alle untersuchten Endpunkte die 

inhibitorischen Effekte von AgNP auf Ag+ zurückzuführen sind. Eine höhere Sensitivität 

der Mutante konnte bei allen Endpunkten festgestellt werden. Auf Grund der höheren 

Sensitivität der Photosynthese (EC50 nach 1 Stunde = 18-37 nM Ag+, für Mutante) im 

Vergleich zu den anderen Endpunkten (EC50 nach eine Stunde = 157-645 nM Ag+, für 

beide Stämme) wird eine spezifische Interaktion von Ag+ mit Photosystem II vermutet. 

Die Effekte von AgNP und AgNO3 auf die Photosynthese wurden in Funktion der 

intrazellulären Silberkonzentration beschrieben. Die Photosynthese war in beiden 

Stämmen bei gleichen Silberkonzentrationen inhibiert (EC50 nach 1 Stunde = 10-4 mol Ag 

Lcell
-1). Die unterschiedliche Sensitivität zwischen Wildtyp und Mutante konnte durch die 

unterschiedliche Silber-Aufnahmekinetik erklärt werden und nicht durch unterschiedliche 

Metalltoxizitäts- und Detoxifikationsmechanismen. 

Diese Arbeit zeigt, dass unter spezifischen Bedingungen AgNP stabil und persistent 

in der aquatischen Umwelt vorhanden sein können. Die AgNP-Bioverfügbarkeit, die als 

intrazelluläre Akkumulation gemessen wurde, sowie die Toxizität auf die Grünalge        

C. reinhardtii wird durch die bioverfügbaren Ag+ Ionen verursacht. 
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1. Introduction 
Due to the development and attractiveness of nanotechnology, the production and 

use of engineered nanoparticles (NP, defined by a size below 100 nm) strongly increased 

during the last decades, in particular in USA, Europe and East Asia (WOODROW WILSON 

INTERNATIONAL CENTER FOR SCHOLARS; NEL et al., 2006; WIESNER et al., 2006). This 

rapid proliferation can be explained by the special physical and chemical properties of 

these structures, due to their high surface area and reactivity in comparison to the bulk 

material (AUFFAN et al., 2009). However, the regulation of NP production, use and 

disposal is currently under development, and general applicable rules have still to be 

formulated. Consequently, an uncontrolled release of NP in air, water and soil cannot be 

neglected, and potential risks for the environment through harmful interactions of NP 

with organisms have to be systematically evaluated and prioritized, developing at the 

same time appropriate analytical techniques and predictive models (COLVIN, 2003; 

MASCIANGIOLI and ZHANG, 2003; OBERDORSTER et al., 2005; MAYNARD et al., 2006; 

NEL et al., 2006; WIESNER et al., 2006; ALVAREZ et al., 2009). 

In the present thesis, the interactions of engineered silver nanoparticles (AgNP) 

with the freshwater green alga Chlamydomonas reinhardtii were investigated, mostly 

focusing on the relationship between the AgNP bioavailability and their effects. The 

behavior of AgNP under synthetic and natural freshwater conditions was also examined. 

1.1 Production and application of engineered silver nanoparticles 
(AgNP) 

The production and application of AgNP in consumer products is primarily related 

to the well-known antibacterial property of the silver ions (Ag+) released from their 

surface, that make them useful for many applications in human life (LUOMA, 2008; RAI et 

al., 2009; WIJNHOVEN et al., 2009; MARAMBIO-JONES and HOEK, 2010). 

Only rough estimations of AgNP industrial production are currently available. 

Mueller and Nowack (2008) in their risk assessment analysis estimated a worldwide 

production of 500 tons per year. More specifically for Europe, Blaser et al. (2008) 

proposed a production ranging between 110 and 230 tons per year. Much lower volumes 

(2.8 to 20 tons per year) were calculated for USA (HENDREN et al., 2011). In the specific 
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case for Switzerland, a AgNP production between 0.026 and 4.03 tons per year (mode 

value of 1.1 tons per year) was estimated by Gottschalk et al. (2010). 

According to the inventory promoted by the Project on Emerging Nanotechnologies, 

AgNP are the most used type of nanomaterial. By March 10, 2011, 313 declared 

nanotechnology products containing AgNP were already reported on the market, 

including electrical devices, detergents, textiles, cosmetics, outdoor paints and 

agricultural products (WOODROW WILSON INTERNATIONAL CENTER FOR SCHOLARS; 

WIJNHOVEN et al., 2009). However, both bulk and colloidal silver were already used in 

the past, typically in the photographic and electronic industry, for jewelry and coins 

production, for dental applications, for antimicrobial silver-coating (bandages, clothing), 

for mirror productions, and as antimicrobial biocides (ECKELMAN and GRAEDEL, 2007; 

NOWACK et al., 2011). 

1.2 Synthesis of AgNP 
Various methodologies are available to synthesize AgNP. The most frequently used 

procedure is the chemical reduction of Ag+ into zero valent silver (Ag0) in aqueous 

solution (MUNRO et al., 1995; KAPOOR, 1998; MANDAL et al., 2001; RAVEENDRAN et al., 

2003; WEI et al., 2007; BAUER et al., 2008; CHEN et al., 2008; DUBAS and PIMPAN, 2008; 

MARTINEZ-CASTANON et al., 2008; SEO et al., 2008; SUN et al., 2008; BHUI et al., 2009). 

Commonly, a silver salt (e.g. AgNO3) is mixed together with a reduction agent (e.g. 

NaBH4) and a coating agent. After having been reduced, the zero valent silver atoms 

aggregate thus forming the silver nanoparticles, and the coating agent attaches on their 

surface, preventing particle collisions and agglomeration, and adding specific properties 

to the AgNP. 

Types of possible coating include organic or inorganic molecules, which can be 

neutral, positively or negatively charged, and which stabilize the AgNP electrostatically 

or sterically. Consequently, the AgNP can display both hydrophobic or hydrophilic 

properties, which will strongly influence their behavior in the aquatic environment, as 

well as biological interactions. Examples of coatings that electrostatically stabilize the 

AgNP include the negatively charged (at neutral pH) citrate (MUNRO et al., 1995),         

L-cysteine (MANDAL et al., 2001), gallic acid (MARTINEZ-CASTANON et al., 2008), and 

thiol (BAUER et al., 2008), as well as positively charged molecules such as branched 
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polyethyleneimine (NH4
+) (TAN et al., 2007). As sterically stabilizing coatings, sodium 

dodecyl sulfate (MAFUNE et al., 2000; BHUI et al., 2009), PVP (KAPOOR, 1998), and oleic 

acid (CHEN et al., 2008; SEO et al., 2008) were reported in the literature. In the case of 

starch (RAVEENDRAN et al., 2003), adenine (WEI et al., 2007), cellulose (KAPOOR, 1998), 

gelatin (KAPOOR, 1998), and humic acids (DUBAS and PIMPAN, 2008), both negative 

electrostatic and steric stabilization can be expected. 

The method of AgNP synthesis is also crucial for the AgNP size determination. 

This feature can be controlled by changing some key parameters, such as temperature and 

concentration of the different chemicals, for example the relative portion of AgNO3 to 

coating agent concentration (WEI et al., 2007; BAUER et al., 2008; LIM and LEE, 2008). 

Interestingly, biosynthesis of AgNP and silver crystals in the presence of bacteria, 

yeast and fungi has been reported (KLAUS et al., 1999; AHMAD et al., 2003; MANDAL et 

al., 2006; NAM et al., 2008; SANGHI and VERMA, 2009). 

1.3 Physicochemical properties of engineered nanoparticles (NP) 
Primary physicochemical properties of NP include their size, surface charge, 

ultraviolet-visible (UV-vis) absorbance, and coating composition. 

The particle size influences the reactivity of the NP, directly defining their specific 

surface area that can enter in contact with organisms or molecules. Thus, the reactivity of 

small NP is potentially much higher compared to larger one (AUFFAN et al., 2009). A 

strong correlation between AgNP size and their dissolution and Ag+ release may also be 

expected. Additionally, according to the various sizes of the NP in a given suspension, 

the polydispersity of the solution can be calculated (MALVERN INSTRUMENTS LTD., 2007). 

The NP surface charge is directly influenced by the chemical composition of the 

coating. Commonly, the electrical double-layer of each particle can be divided between 

the Stern layer, representing the inner region populated by the counter ions strongly 

bound to the particle surface, and the hydrodynamic shear or slipping plane, that defines 

the boundary between ions that move together with the particle and ions that behave 

already as the bulk solution. The zeta potential defines the electrical potential on this 

boundary, and can be used as surrogate for the NP surface charge (MALVERN 

INSTRUMENTS LTD., 2007). 



Introduction 

4 

Some metallic NP, like AgNP, have also specific optical properties. Their 

absorbance is generally related to the excitation and collective oscillations of the 

conduction electrons of the particles being irradiated by light, so called surface plasmon 

resonance, which is size dependent (KELLY et al., 2003; EVANOFF and CHUMANOV, 

2005). 

1.4 Measurement of NP size and surface charge 
To measure the size of NP, several techniques are available. Based on the random 

Brownian motion of the particles, dynamic light scattering (DLS) allows to measure the 

Z-average size of NP as hydrodynamic diameter, estimated from the measured diffusion 

coefficient by using the Stokes-Einstein equation (MALVERN INSTRUMENTS LTD., 2007). 

Information on size distribution and polydispersity of the suspension (polydisperse index, 

PdI) are also available through DLS measurement. However, this technique has serious 

limitations for highly polydisperse NP solutions, where the calculation of the overall 

average size is biased towards larger nanoparticles (HANDY et al., 2008; DOMINGOS et al., 

2009; FABREGA et al., 2011). Based on the same analytical principle as DLS, nanoparticle 

tracking analysis (NTA) measures the NP hydrodynamic diameter by analyzing the 

trajectories of single particles recorded in a video (NANOSIGHT LTD., 2009). This 

technique also provides information on the particle concentration and is thus particularly 

helpful in the case of polydisperse suspensions (GALLEGO-URREA et al., 2009; FILIPE et 

al., 2010). 

In the case of AgNP, their size and agglomeration state can also be estimated by 

ultraviolet-visible (UV-vis) spectroscopy. The shape and intensity of the AgNP optical 

absorbance peak are determined by the particle size (KELLY et al., 2003; EVANOFF and 

CHUMANOV, 2005). According to the Mie-Doyle theory (KELLY et al., 2003; EVANOFF 

and CHUMANOV, 2005), the absorbance peak shifts toward longer wavelengths (red) as 

particles become larger. 

Microscopic techniques like transmission electron microscopy (TEM) have the 

great advantage of visualizing the NP, allowing characterization of the morphology and 

crystal structure of the particles. However, this technique is time-consuming, and the 

possibility of artifacts, in particular due to the NP sample preparation, can affect the 

reliability of the measurement (FABREGA et al., 2011). Other useful techniques for NP 
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size measurement include atomic force microscopy, flow field flow fractionation, 

inductively coupled plasma mass spectroscopy (ICP-MS) in a single particle mode, and 

fluorescence correlation spectroscopy (DEGUELDRE et al., 2006; DOMINGOS et al., 2009). 

Because of their unique advantages and limitations, the use of multiple analytical 

techniques is commonly recommended to achieve a reliable estimation of the NP size 

(HANDY et al., 2008; DOMINGOS et al., 2009; MACCUSPIE et al., 2011). 

The zeta potential of NP can be indirectly detected with DLS based on 

electrophoretic mobility of particles, and calculated by the application of the Henry 

equation that expresses the electrophoretic mobility of a particle as a function of its zeta 

potential, and of the dielectric constant and viscosity of the medium (MALVERN 

INSTRUMENTS LTD., 2007). 

1.5 Dissolution of AgNP 
In case of AgNP, oxidative particle dissolution and Ag+ release is an important 

process that has also to be considered. In the presence of oxygen, this reaction can be 

described as: 

OAgO 
2
1Ag 2 22

0 →+  

OHAg 2H 2OAg 22 +→+ ++  

This process can be influenced by external conditions, such as temperature, pH, and 

organic and inorganic molecules present in the solution (LIU and HURT, 2010; LIU et al., 

2010). Moreover, AgNP dissolution can be influenced by the particle coating (ODZAK et 

al., 2012). 

To measure AgNP dissolution and Ag+ release, various techniques including 

centrifugal ultrafiltration (UF), Ag+-ion selective electrode, dialysis and diffusive 

gradients in thin films, can be used (BENN and WESTERHOFF, 2008; NAVARRO et al., 

2008b; NGEONTAE et al., 2008; GERANIO et al., 2009; MIAO et al., 2009; ODZAK et al., 

2012). 
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1.6 Release of AgNP into the aquatic environment 
The release of AgNP as discrete particles or as composite colloids, and of Ag+ from 

various types of textiles (BENN and WESTERHOFF, 2008; GERANIO et al., 2009), and 

paints used for outdoor facade applications (KAEGI et al., 2010) was observed. However, 

quantitative data on the release of AgNP into the aquatic environment and measured 

environmental concentrations of AgNP are not currently available. Consequently, the 

entering of AgNP into the aquatic environment can only be predicted by models that 

consider the AgNP life-cycle from their production till their disposal (BLASER et al., 

2008; MUELLER and NOWACK, 2008; GOTTSCHALK et al., 2009; GOTTSCHALK et al., 

2010; GOTTSCHALK and NOWACK, 2011). For Switzerland, predicted environmental 

concentrations of AgNP between 30 and 80 ng L-1 were calculated by Mueller and 

Nowack (2008) for surface waters. Lower predicted AgNP environmental concentration 

in surface water ranging from 0.56 to 2.63 ng L-1 was suggested by Gottschalk et al. 

(2009; 2010) for the same geographical region. 

In the case of bulk silver, according to the analysis of Eckelman and Graedel (2007) 

for the year 1997, approximately 13420 tons were released worldwide into the 

environment, of which 457 tons (3.4%) directly into the aquatic system. Due to the 

interactions with natural inorganic and organic molecules (complexation), with natural 

colloids or surfaces (adsorption), and precipitation of silver solid phases, expected Ag+ 

concentration in natural aquatic environments are typically in the pico to nanomolar 

range (WEN et al., 1997; ADAMS and KRAMER, 1999; BELL and KRAMER, 1999; HERRIN 

et al., 2001; WEN et al., 2002; OGDEN and KRAMER, 2003). For instance, low measured 

silver concentrations between 0.03 and 500 ng L-1 were reported in water bodies of the 

world, even in regions contaminated by human activities (LUOMA, 2008). 

1.7 Fate of AgNP in the aquatic environment 
The most relevant processes that govern the stability and mobility of AgNP in the 

aquatic environment are AgNP agglomeration, aggregation, dispersion, sedimentation, 

and dissolution (HANDY et al., 2008; NAVARRO et al., 2008a; FABREGA et al., 2011). 

These processes are dependent on the particle physicochemical properties that are in turn 

influenced by environmental parameters such as pH, temperature, ionic strength and 

presence of ligands or natural organic matter. 
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The colloidal stability of AgNP is mostly related to their electrostatic repulsion 

capacity that can be evaluated as a function of pH and electrolyte concentration in the 

solution (Derjaguin, Landau, Verwey, and Overbeek DLVO theory). Highly negatively or 

positively charged AgNP are expected to show high stability in water, while neutral 

AgNP are likely to agglomerate. The pH dependent stability of AgNP was investigated 

by El Badawy et al. (2010), who showed AgNP agglomeration under acidic conditions. 

Additionally, different types of AgNP were reported to agglomerate at high ionic 

strength, in particular in the presence of divalent electrolytes (CUMBERLAND and LEAD, 

2009; EL BADAWY et al., 2010; LI et al., 2010; GEBAUER and TREUEL, 2011; HUYNH and 

CHEN, 2011). 

According to their hydrophobic or hydrophilic properties, AgNP can interact with 

neutral or charged molecules in solution by electrostatic or steric interactions, like 

hydrogen bonding or van der Waals forces. Thus, AgNP entering aquatic systems are 

expected to interact with dissolved organic carbon. For instance, some studies have 

examined the influence of humic and fulvic acids on the agglomeration of AgNP and 

have reported on increased AgNP stability (CUMBERLAND and LEAD, 2009; FABREGA et 

al., 2009; HUYNH and CHEN, 2011), while another study showed a negligible effect (LI et 

al., 2010). 

Few studies have investigated the behavior of AgNP in complex systems like 

natural waters or wastewater treatment plants. Agglomeration of different type of AgNP 

was reported as the main process in artificial biological media (MACCUSPIE, 2011; 

STEBOUNOVA et al., 2011) and in pond water, synthetic seawater, and simulated estuarine 

waters (CHINNAPONGSE et al., 2011). However, under specific natural freshwater 

conditions both discrete and agglomerated AgNP were detected (CHINNAPONGSE et al., 

2011). In studies on the fate of AgNP in a wastewater treatment plant, silver was detected 

in the sludge where it occurred as silver sulfide (Ag2S) (KIM et al., 2010; KAEGI et al., 

2011). Based on the geochemistry of silver-sulfur compounds, the highly insoluble Ag2S 

has been proposed as the final state of Ag+ released into the environment (BELL and 

KRAMER, 1999). 
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1.8 Bioavailability and uptake of silver in algae 
According to the AgNP behavior in the aquatic system, organisms can be exposed 

to various forms of silver, including discrete single and agglomerated particles, dissolved 

organic and inorganic silver complexes, and Ag+, which might have a different 

bioavailability to organisms (NAVARRO et al., 2008a; FABREGA et al., 2011). 

While in some studies NP uptake in aquatic organisms has been demonstrated to 

occur (LEE et al., 2007; ASHARANI et al., 2008; LABAN et al., 2010; SCOWN et al., 2010; 

HANDY et al., 2011; SHAW and HANDY, 2011), no conclusive information is available 

specifically for algae. At the cellular level, NP cross the plasma membrane via 

endocytotic pathways (MOORE, 2006). However, in algae the plasma membrane is 

surrounded by a cell wall, which represents a first barrier. Thus, NP uptake would require 

their passage through the cell wall and their internalization via endocytosis. In case of C. 

reinhardtii, the cell wall is composed of various sheaths of glycoproteins that allow the 

passage of only small molecules (HARRIS, 2009). According to the size of the pores 

across the cell walls (5 to 20 nm), only AgNP smaller than these pores can be expected to 

reach the cell membrane, and then to be internalized (MOORE, 2006; NAVARRO et al., 

2008a). Just in few studies, the experimental evidence of AgNP uptake in algae was 

reported. The uptake of carbonate-coated AgNP was observed in the green alga              

C. reinhardtii , but only under simultaneous exposure to high Ag+ concentrations, that 

may affect the permeability of the cell wall and of the plasma membrane facilitating the 

AgNP internalization (BEHRA et al., 2012). In the case of the freshwater alga 

Ochromonas danica, AgNP aggregates were observed in individual cells (MIAO et al., 

2010). 

Due to the possible AgNP dissolution, the uptake of Ag+ has also to be considered. 

For instance, in the green alga C. reinhardtii the uptake of Ag+ was observed to be very 

rapid and possibly mediated by a Cu(I) transport system (FORTIN and CAMPBELL, 2000). 

Similar to other metals, the uptake of silver can be modeled by the free-ion activity model 

(FIAM) and the biotic ligand model (BLM). These two models predict general biological 

responses (metal uptake, nutrition and toxicity) as a function of the free-metal ion 

concentration in solution, under consideration of important factors like pH, alkalinity, 

speciation, complexation and competition with other cations (DI TORO et al., 2001; 
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CAMPBELL et al., 2002; OGDEN and KRAMER, 2003; SLAVEYKOVA and WILKINSON, 

2005). 

1.9 Toxicity of AgNP to algae and bacteria 
Silver is a non-essential trace element for organisms. Other than for humans, Ag+ is 

very toxic to aquatic organisms and bacteria (RATTE, 1999; LUOMA, 2008; RAI et al., 

2009; WIJNHOVEN et al., 2009; MARAMBIO-JONES and HOEK, 2010). Concerning AgNP 

toxicity, the direct effect of the AgNP and the indirect effect mediated by the Ag+ 

released from their surface have to be differentiated (WIJNHOVEN et al., 2009). 

In the case of algae, only few data on AgNP toxicity are available in the literature. 

Using silver ligands, toxicity of carbonate- and PVP-coated AgNP to photosynthetic 

activity and growth of C. reinhardtii and Thalassiosira weissflogii (coastal marine 

diatom) was determined to depend on the Ag+ (NAVARRO et al., 2008b; MIAO et al., 

2009). Additionally, Navarro et al. (2008b) suggested that the interactions between alga 

and AgNP increased the Ag+ dissolution during the exposure time. 

For bacteria, the effect of AgNP was observed to depend on their size (MORONES et 

al., 2005; MARTINEZ-CASTANON et al., 2008), shape (PAL et al., 2007), surface charge 

and coating composition (EL BADAWY et al., 2011). For instance, an increase in toxicity 

of gallic coated AgNP with decreasing particle size was reported for both Gram-negative 

(Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria (MARTINEZ-

CASTANON et al., 2008). The role of the AgNP coating was investigated by El Badawy et 

al. (2011). Higher toxicity of positively charged AgNP compared to negatively charged 

AgNP to a non-specified Gram-positive Bacillus species was observed, probably due to 

the higher electrostatic attraction between the negatively charged bacterial cell membrane 

and the positively charged nanoparticle surface. Additionally, the presence of organic 

molecules or oxygen in the exposure media can influence the toxicity of AgNP. As 

reported by Fabrega et al. (2009), effects of citrate coated AgNP on bacterial biofilms 

(Pseudomonas putida) were lower in the presence of fulvic acids, suggesting the 

formation of a fulvic acids coating. For E. coli, a lower AgNP toxicity was observed 

under anaerobic conditions, that hindered AgNP oxidation and Ag+ release (XIU et al., 

2011). E. coli biofilms compared to planktonic culture were observed to be less sensitive 
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to PVA-coated AgNP and AgNO3, suggesting a limited diffusion of AgNP and Ag+ 

through the biofilm (CHOI et al., 2010). 

Various mechanisms of action were proposed to explain the bactericidal effect of 

Ag+ and AgNP, including silver interaction with the SH group of proteins, the specific 

binding to enzymes, the generation of oxidative stress (free-radicals and ROS formation), 

and the interaction with the cell membrane, affecting consequently the ion efflux system, 

the respiratory chains enzymes, or the DNA replication (RATTE, 1999; SONDI and 

SALOPEK-SONDI, 2004; MORONES et al., 2005; KIM et al., 2007; HWANG et al., 2008; 

KLAINE et al., 2008; LUOMA, 2008; RAI et al., 2009; WIJNHOVEN et al., 2009; ARUGUETE 

and HOCHELLA, 2010; DURAN et al., 2010; MARAMBIO-JONES and HOEK, 2010; 

WIGGINTON et al., 2010). However, mechanistic explanations are still needed for the 

toxicity of AgNP to algae. In the case of Ag+ exposure, the production of intracellular 

ROS was observed in C. reinhardtii (SZIVAK et al., 2009). 

1.10 Scope of the thesis 
The main scope of this work was to investigate the environmental fate and behavior 

of carbonate-coated AgNP, and their interaction with the green algae C. reinhardtii, 

combining chemical, physical and biological approaches and analysis. The effects of 

AgNP were investigated by comparing the direct effects of the particles themselves and 

the indirect effects mediated by the Ag+. Thus, all experiments were performed with 

AgNP and AgNO3 as a source of Ag+, and cysteine was used as silver ligand to 

discriminate the particles effects per se. To investigate the impact of the cell wall on 

silver uptake and toxicity, the wild type and a cell wall free mutant were used in this 

study. 

The first objective (chapter 2) was to examine how the physicochemical properties 

of AgNP are influenced by conditions commonly occurring in natural water systems. 

Thus, the AgNP colloidal stability was assessed by investigating agglomeration processes 

in different media, as a function of relevant environmental variables as pH, ionic strength, 

electrolyte type, and humic and fulvic acids concentration as surrogate for natural organic 

matter (NOM). Additionally, AgNP colloidal stability and dissolution in natural 

freshwater were investigated. This study has been published in Environmental Science & 

Technology, 2012, 46 (2), 818-825. 
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The second objective (chapter 3) was to examine silver uptake in C. reinhardtii 

upon exposure to AgNP and Ag+, and to describe its kinetics. To gather information on 

the role of the cell wall, experiments were carried out with the wild type and with a cell 

wall free mutant of the alga. This study has been accepted in Environmental Science & 

Technology (articles ASAP, DOI: 10.1021/es300734m). 

The third objective of this thesis (chapter 4) was to examine the effects of AgNP on 

both strains of C. reinhardtii after short-term exposure. Endpoints representing important 

cellular processes were detected and analyzed: photosynthetic yield, intracellular esterase 

activity, and cellular membrane integrity. Cysteine was also used to complex the free 

silver ions and consequently to discriminate between the direct effect of AgNP and the 

indirect effect mediated by the Ag+ released. The role of the intracellular silver 

accumulation for toxic effects was further explored. This study will be submitted to 

Environmental Science & Technology (in preparation). 

 

Due to internal and external collaborations for AgNP characterization in various exposure 

media, additional publications as coauthor during this thesis work include: 

A) Wigginton, N. S.; De Titta, A.; Piccapietra, F.; Dobias, J.; Nesatty, V. J.; Suter, M. 

J. F.; Bernier-Latmani, R., Binding of silver nanoparticles to bacterial proteins 

depends on surface modifications and inhibits enzymatic activity. Environ. Sci. 

Technol. 2010, 44 (6), 2163-2168. 

B) Herzog, F.; Clift, M.J.D.; Piccapietra, F.; Behra, R.; Schmid, O.; Petri-Fink, A.; 

Rothen-Rutishauser, B, Exposure of silver nanoparticles and silver ions to lung 

cells in vitro at the air-liquid interface. Submitted to Particle and Fibre Toxicology. 

C) Groh, K.; Piccapietra, F.; Behra, R.; Suter, M. J.-F., The effects of silver ions and 

silver nanoparticles on zebrafish enbryos: MudPIT-based proteomics assessment of 

underlying toxicity mechanisms (provisory title), in preparation. 
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2.1 Abstract 
To gain important information on fate, mobility, and bioavailability of silver 

nanoparticles (AgNP) in aquatic systems, the influence of pH, ionic strength, and humic 

substances on the stability of carbonate-coated AgNP (average diameter 29 nm) was 

systematically investigated in 10 mM carbonate and 10 mM MOPS buffer, and in filtered 

natural freshwater. Changes in the physicochemical properties of AgNP were measured 

using nanoparticle tracking analysis, dynamic light scattering, and ultraviolet-visible 

spectroscopy. According to the pH-dependent carbonate speciation, below pH 4 the 

negatively charged surface of AgNP became positive and increased agglomeration was 

observed. Electrolyte concentrations above 2 mM Ca2+ and 100 mM Na+ enhanced AgNP 

agglomeration in the synthetic media. In the considered concentration range of humic 

substances, no relevant changes in the AgNP agglomeration state were measured. 

Agglomeration of AgNP exposed in filtered natural freshwater was observed to be 

primarily controlled by the electrolyte type and concentration. Moreover, agglomerated 

AgNP were still detected after 7 days of exposure. Consequently, slow sedimentation and 

high mobility of agglomerated AgNP could be expected under the considered natural 

conditions. A critical evaluation of the different methods used is presented as well. 

2.2 Introduction 
According to the inventory promoted by the Project on Emerging Nanotechnologies 

(WOODROW WILSON INTERNATIONAL CENTER FOR SCHOLARS), engineered silver 

nanoparticles (AgNP) are the most used type of nanomaterial. They are commonly 

incorporated in consumer products, like textiles, cosmetics, and outdoor paints, because 

of their antibacterial property, primarily due to the release of silver ions (Ag+) from their 

surface (WIJNHOVEN et al., 2009; MARAMBIO-JONES and HOEK, 2010). Based on first 

estimations, the worldwide industrial production of AgNP is 500 tons per year (MUELLER 

and NOWACK, 2008). Release of AgNP from different types of textiles (BENN and 

WESTERHOFF, 2008; GERANIO et al., 2009), and from paints used for outdoor applications 

(KAEGI et al., 2010) as discrete particles or as composite colloids was demonstrated and 

recently reviewed (GOTTSCHALK and NOWACK, 2011). Although measured environmental 

concentrations are currently not available, predicted environmental concentrations of 

AgNP between 0.72 and 80 ng L-1 were proposed for Swiss surface waters (MUELLER and 
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NOWACK, 2008; GOTTSCHALK et al., 2010). According to the analysis of Gottschalk et al. 

(2010), the risk quotient between predicted environmental concentration and predicted 

no-effect concentration for aquatic systems indicates a potential risk. Consequently, it is 

critical to investigate the fate, behavior, and bioavailability of AgNP under natural water 

conditions. 

To assess AgNP stability and mobility in the aquatic environment, the most 

important processes to be considered are AgNP agglomeration (JIANG et al., 2009), 

sedimentation, and surface dissolution of Ag+. These processes are governed by the 

physicochemical properties of the particles, including size and surface charge, and are 

directly influenced by the solution conditions, such as ionic strength, pH, and 

concentration of natural organic matter. Consequently, by evaluating the effects of each 

single parameter on the physicochemical properties of the particles under controlled 

laboratory conditions, specific information on the AgNP stability can be obtained and 

predictions for fate and behavior of the AgNP in various aquatic systems can be 

performed. Additionally, important information on the AgNP stability in artificial 

exposure media used for toxicity tests can be obtained. However, studies on stability of 

AgNP in natural freshwater are currently needed to validate these predictions. 

At present, only few studies have investigated fate and behavior of AgNP under 

environmentally relevant conditions. As reported by El Badawy et al. (2010), citrate, 

NaBH4, and BPEI coated and uncoated AgNP agglomerate under acidic conditions. 

Agglomeration at high ionic strength and higher effects of divalent electrolyte were 

reported for different types of AgNP (CUMBERLAND and LEAD, 2009; EL BADAWY et al., 

2010; LI et al., 2010; GEBAUER and TREUEL, 2011; HUYNH and CHEN, 2011). However, 

no pH impact and higher stability of sterically stabilized polyvinylpyrrolidone coated 

AgNP was observed (EL BADAWY et al., 2010). Interactions of AgNP with humic 

substances are still not clear. Greater stability of citrate and polyvinylpyrrolidone-coated 

AgNP in presence of humic substances (CUMBERLAND and LEAD, 2009; HUYNH and 

CHEN, 2011) and a negligible effect of aquatic fulvic acid on the agglomeration state of 

uncoated AgNP (LI et al., 2010) were observed. Agglomeration of different types of 

AgNP in artificial biological media (MACCUSPIE, 2011; STEBOUNOVA et al., 2011) and in 
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pond water, synthetic seawater, and simulated estuarine waters was reported 

(CHINNAPONGSE et al., 2011). 

The aim of the present study is to gather more information on the behavior of 

carbonate-coated AgNP under conditions relevant for freshwater systems. For this 

purpose, the influence of pH, ionic strength, and humic substances on the 

physicochemical characteristics of the AgNP were systematically investigated in different 

synthetic media, and the combined effects of these parameters on particle stability were 

assessed by exposing AgNP to filtered natural waters. Because of the advantages and 

limitations of the various techniques for measurement of size and surface charge of 

nanoparticles, the use of multiple analytical techniques is commonly recommended 

(HANDY et al., 2008; DOMINGOS et al., 2009; MACCUSPIE et al., 2011). In this study the 

size of AgNP was characterized measuring their hydrodynamic diameter by dynamic 

light scattering (DLS) and nanoparticle tracking analysis (NTA). Electrophoretic mobility 

was also used as a surrogate to investigate changes in the surface charge of the AgNP, 

and ultraviolet-visible (UV-vis) spectroscopy was used to gain qualitative information 

about the agglomeration state of the particles (optical properties of AgNP) (EVANOFF and 

CHUMANOV, 2005). Finally, a comparison among the different methods and an evaluation 

of the potential use of these data for predicting nanoparticle fate and behavior in the 

aquatic environment are provided. 

2.3 Materials and methods 

2.3.1 Materials 
Carbonate-coated AgNP were the same as those used by Navarro et al. (2008) for 

experiments with algae (negligible toxic effect of carbonate and chemical properties 

similar to citrate-coated AgNP). They were provided by NanoSys GmbH (Wolfhalden, 

Switzerland; fabrication date: 03.05.2007) as an aqueous suspension with a nominal 

silver concentration of 1 g L-1. The Ag+ concentration present in the AgNP original 

suspension resulting from incomplete synthesis of AgNP was measured by Navarro et al. 

(2008) using different methods as 1% of the total silver concentration. AgNP suspensions 

were kept in the dark to prevent oxidation. 
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3-morpholine propanesulfonic acid (MOPS), NaNO3, Ca(NO3)2, NaHCO3, and 

NaOH were purchased from Sigma-Aldrich (purissimum grade; Buchs SG, Switzerland). 

HCl (30%), HNO3 (65%), and H2O2 (30%) were purchased from Merck (Suprapure 

chemicals; Darmstadt, Germany). MOPS buffer stock solution 0.1 M was prepared in 

deionized nanopure water (16-18 MΩ cm-1; Barnstead Nanopure Skan Ag, Basel-

Allschwil, Switzerland) with a final pH of 7.5 (medium used for short-term AgNP 

toxicity test to algae). Stock solutions of 40 mg L-1 humic acids (HA) and fulvic acids 

(FA) (Standard Suwannee River I, SRHA and SRFA, International Humic Substances 

Society) were prepared in 10 mM MOPS with a final pH of 7.5. To minimize the 

formation of particulate organic matter and to maximize the rehydration, HA and FA 

were first dissolved in 10 mM MOPS at pH 11, then after 24 hours of stirring the solution 

was 0.2-μm filtered and finally the pH was adjusted to 7.5. 

All working solutions were freshly prepared before use in deionized nanopure 

water or in 10 mM MOPS at pH 7.5. To avoid adsorption and metal contamination, all 

experiments with AgNP were conducted in 50 mL polypropylene Falcon tubes. All 

needed materials were soaked at least for 24 hours in 0.03 M HNO3, and then well rinsed 

with deionized nanopure water before use. Concentrations of AgNP are given as molarity 

of the total silver mass. 

2.3.2 Particle characterization 
Size measurements were performed by DLS using a Zetasizer (Nano ZS, Malvern 

Instruments) equipped with a red laser (633 nm). This technique provided the Z-average 

size (based on intensity mean) and the size distribution of the particles in an aqueous 

sample, measured as hydrodynamic diameter. Further information about the 

agglomeration state of the particles was given by the polydispersity index (PdI) 

(MALVERN INSTRUMENTS LTD., 2007). 

Surface charges are indirectly measured as average zeta potential (ZP) of the 

particles in suspension via electrophoretic mobility using a Zetasizer. The accuracy of the 

instrument was tested before each experiment using polystyrene particles, with a known 

ZP, as a standard. Three measurement replicates for each sample were performed. Error 

bars presented in the figures represent the standard deviation calculated from the 

measurement replicates obtained from 1-5 experimental replicates. 
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Changes in the agglomeration state were also measured by NTA using a NanoSight 

LM10 equipped with a LM14 temperature controller (NanoSight Ltd.). This method 

provided the average size of the AgNP in suspension, their MODE size (most frequent 

size), the size distribution, and the particle concentration (NANOSIGHT LTD., 2009). 

Standard deviations reported in the tables are calculated from 4-30 video evaluations 

obtained from 1-4 experiment replicates according to the complexity and polydispersity 

of the sample. Videos are analyzed using the NanoSight NTA 2.1 and 2.2 Analytical 

Software (NanoSight Ltd.). 

UV-vis absorbance of AgNP suspensions was recorded between 250 and 800 nm 

using a spectrophotometer UVIKON 930 (Kontron Instruments). The optical properties 

of AgNP, due to the surface plasmon resonance (Mie Theory), were reviewed by Evanoff 

and Chumanov (2005). Shift of the main absorbance peak to higher wavelength 

corresponds to an increase of the average size of the AgNP. 

2.3.3 Metal analysis 
The total silver concentration (isotope 109Ag) in AgNP suspensions was measured 

by ICP-MS (Element 2 High Resolution Sector Field ICP-MS; Thermo Finnigan) after 

digestion with 4 mL 65% HNO3 and 1 mL 30% H2O2 in a high-performance microwave 

digestion unit mls 1200 mega (mls GmbH, maximal temperature 195 °C). The reliability 

of the measurements was determined using specific water references (National Water 

Research Institute, Burlington, Canada). The recovery for AgNP was 94.7 +/- 4.8%. 

2.3.4 Effect of pH, ionic strength and humic acids 
The stability of AgNP between pH 1 and 12 was investigated in 10 mM MOPS and 

in 10 mM carbonate (same concentration as in original AgNP suspension). Final 

concentrations of nanoparticles were 1, 10 and 100 μM AgNP, and pH was adjusted 

using concentrated HNO3 and NaOH. Size, ZP, and UV-vis absorbance were measured 

after 15 min. 

The influence of ionic strength on AgNP agglomeration state and surface charge 

was examined by exposing 1, 10, and 100 μM AgNP to monovalent (NaNO3) or divalent 

(Ca(NO3)2) ions in 10 mM MOPS buffer at pH 7.5. An electrolyte concentration range 
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between 1 and 1000 mM was examined. After 15 min, size, ZP, and UV-vis absorbance 

were measured. 

To investigate the effect of HA and FA, 10 μM AgNP were exposed to 5, 10, and 

20 mg L-1 of the corresponding humic substances in 10 mM MOPS buffer at pH 7.5. To 

study the combined effects of ionic strength and humic substances on agglomerate size, 

AgNP were initially exposed to 100 mM NaNO3 (low ionic strength treatment resulting 

in slightly preagglomerated AgNP) and 1 M NaNO3 (high ionic strength treatment 

resulting in strongly preagglomerated AgNP) before exposure to HA or FA. Size, ZP, and 

UV-vis absorbance measurements were performed after 15 min. Blank solutions 

containing only HA or FA were also characterized. 

2.3.5 Stability in natural water 
Natural water samples were collected from Chriesbach stream (Dübendorf, 

Switzerland) and stepwise filtered (1-mm grid, and 1.2- and 0.22-μm filters from 

Sartorius Minisart and Millipore Millex, respectively). Chemical analyses for cation and 

anion concentrations were performed by ICP-OES and ion chromatography, and 

dissolved organic carbon was measured using a TOC combustion analyzer. 

The long-term stability of 0.1, 1, 10, and 100 μM AgNP under natural conditions 

was examined by exposing AgNP to 0.22-μm filtered Chriesbach water under constant 

gentle stirring. Average size, ZP, and UV-vis absorbance were measured after 15 min,   

24 hours and 7 days. The presence of natural colloids in filtered natural water was 

investigated as well. 

2.4 Results 

2.4.1 AgNP stock suspension 
AgNP in the original suspension (1 g L-1, 9.27 mM, pH 9.65) have a Z-average size 

of 29.0 ± 2.5 nm, an average ZP of -41.8 ± 3.1 mV, and a maximal UV-vis absorbance at 

410 nm (Supporting Information, Figure S2.1). The size distribution range is between    

10 and 100 nm, and the PdI is 0.262 ± 0.035. According to metal analysis (ICP-MS) and 

acid titration investigations, no relevant metal impurities were detected (Cd, Pb, Al, Mn, 

Ni, Zn, Cr, Fe and Cu < detection limit of 0.01 μg L-1), and a carbonate concentration of 

approximately 10 mM were measured in the original AgNP suspension. 
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2.4.2 Effect of pH 
A strong negative ZP value between -25 and -39 mV was measured for 100 μM 

AgNP between pH 5 and 12, both in carbonate and MOPS (Figure 2.1A). For lower 

AgNP concentrations, less negative ZP between -4 and -22 mV was measured at pH 7.5 

and 10. Below pH 5, the ZP approaches  zero for all concentrations, and, at pH 2, a 

positive value of +7 mV is displayed. The point of zero charge can be set between pH 2.9 

and 3.9. AgNP strongly agglomerate in both media for pH below 5, and Z-average sizes 

above 1600 nm for 100 μM AgNP suspensions are measured (Figure 2.1B). The 

agglomeration is less enhanced for more dilute suspensions. In the pH range between      

6 and 12, Z-average sizes below 40 nm are detected for 100 μM AgNP. However, at     

pH 5, 7.5, and 10, 1 μM AgNP suspensions were less stable and display a higher 

agglomeration state. The UV-vis absorbance (Figure 2.2A) shows a shift of the 

absorbance peak to longer wavelengths and a decrease of the absorbance intensity at     

pH 4. Absorbance below 300 nm corresponds to the absorbance of NO3
-. 

 
 
 

 
FIGURE 2.1. Average zeta potential (A) and Z-average size (B) of 1 µM (●), 10 µM (■), and 100 µM 
AgNP (▲) as a function of pH in 10 mM carbonate and 10 mM MOPS (▼). 
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FIGURE 2.2. UV-vis absorbance of 100 μM AgNP in 10 mM MOPS buffer as function of pH (A), of 
Ca(NO3)2 concentration (B), and of humic acids (C), and over time in Chriesbach water (D). 
 
 
 

The lower stability of diluted AgNP suspensions is confirmed by NTA 

measurements (Table 2.1) and DLS analysis of ZP and Z-average size of AgNP in 

various media over dilution steps, by which the carbonate coating is subjected to a new 

equilibrium. Consequently, the ZP approaches zero for AgNP concentration lower than 

100 μM and the Z-average size slightly increases for AgNP concentration lower than     

10 μM (Supporting Information, Figure S2.2). 
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TABLE 2.1. MODE (most frequent size) and MEAN (average size) of AgNP as a function of dilution     
(1-4), salt concentration (5-6), humic acids concentration (7-12) and exposed in Chriesbach water (13-27) 
measured by NTA. 
 
 treatment  AgNP (μM) medium mode (nm) mean (nm) 

average SD average SD 
1 dilution 100 10 mM MOPS, pH 7.5 48.4 7.8 59.1 6.5 
2 dilution 10 10 mM MOPS, pH 7.5 40.8 6.7 50.7 9.2 
3 dilution 1 10 mM MOPS, pH 7.5 49.6 11.0 53.4 10.6 
4 dilution 0.1 10 mM MOPS, pH 7.5 64.6 24.7 106.8 35.9 
5 ionic 10 10 mM MOPS, pH 7.5, 1 M NaNO3 122.5 16.9 126.8 11.1 
6 ionic 10 10 mM MOPS, pH 7.5, 0.1 M NaNO3 62.0 8.1 109.6 72.5 
7 humic acids 10 10 mM MOPS, pH 7.5, 5 mg/L HA 86.2 43.7 143.6 52.2 
8 humic acids 10 10 mM MOPS, pH 7.5, 10 mg/L HA 67.9 44.4 97.9 21.7 
9 humic acids 10 10 mM MOPS, pH 7.5, 20 mg/L HA 100.8 50.3 234.4 102.9 

10 humic acids 0 10 mM MOPS, pH 7.5, 5 mg/L HA 142.9 16.2 141.3 12.7 
11 humic acids 0 10 mM MOPS, pH 7.5, 10 mg/L HA 142.9 51.5 165.9 41.5 
12 humic acids 0 10 mM MOPS, pH 7.5, 20 mg/L HA 124.6 29.9 145.6 24.7 
13 natural water 0 0.22-μm filtered water, pH 7.8, t = 15 min 297.3 101.5 354.0 23.1 
14 natural water 0.1 0.22-μm filtered water, pH 7.8, t = 15 min 185.0 8.8 400.3 28.0 
15 natural water 1 0.22-μm filtered water, pH 7.8, t = 15 min 188.8 0.5 339.8 5.1 
16 natural water 10 0.22-μm filtered water, pH 7.8, t = 15 min 397.5 60.9 478.5 33.6 
17 natural water 100 0.22-μm filtered water, pH 7.8, t = 15 min 173.0 69.7 311.5 137.7 
18 natural water 0 0.22-μm filtered water, pH 7.8, t = 24 h 91.2 9.8 171.2 52.7 
19 natural water 0.1 0.22-μm filtered water, pH 7.8, t = 24 h 84.2 15.5 148.2 20.3 
20 natural water 1 0.22-μm filtered water, pH 7.8, t = 24 h 182.6 53.7 207.4 16.2 
21 natural water 10 0.22-μm filtered water, pH 7.8, t = 24 h 136.4 69.9 244.4 46.7 
22 natural water 100 0.22-μm filtered water, pH 7.8, t = 24 h 68.2 34.2 181.2 105.0 
23 natural water 0 0.22-μm filtered water, pH 7.8, t = 7 d 134.8 27.2 158.0 15.5 
24 natural water 0.1 0.22-μm filtered water, pH 7.8, t = 7 d 290.0 72.2 348.4 45.4 
25 natural water 1 0.22-μm filtered water, pH 7.8, t = 7 d 170.6 37.3 216.1 55.2 
26 natural water 10 0.22-μm filtered water, pH 7.8, t = 7 d 282.6 16.3 290.6 19.3 
27 natural water 100 0.22-μm filtered water, pH 7.8, t = 7 d 65.8 6.6 198.2 26.4 

 

2.4.3 Effect of ionic strength 
The negative surface charge of the AgNP approaches zero with increasing Na+ and 

Ca2+ concentrations, and positive values are measured for 1 M Ca2+ (Figures 2.3A and C). 

More negative zeta potentials are measured in the presence of Na+ compared to Ca2+. 

Particles agglomeration starts at 100 mM Na+ and at 2 mM Ca2+, and Z-average sizes up 

to 1 μm can be measured for 100 μM AgNP at 500 mM NaNO3 and at 5 mM Ca(NO3)2 

(Figures 2.3B and D). In the case of 1 and 10 μM AgNP suspensions, the agglomeration 

is less pronounced. At low electrolyte concentration, 100 μM AgNP suspensions are 

more stable compared to the diluted suspensions. Higher agglomeration at high ionic 

strength was also detected by NTA (Table 2.1) and by UV-vis absorbance measurements. 

A shift of the maximal absorbance toward higher wavelength and a decrease of the 



Chapter 2: Colloidal stability of AgNP 

29 

absorbance intensity are observed for Ca2+ concentrations higher than 1 mM (Figure 

2.2B). 

 

 
FIGURE 2.3. Average zeta potential (A, C) and Z-average size (B, D) of 1 µM (●), 10 µM (■), and       
100 µM AgNP (▲) as a function of NaNO3 (A, B) and Ca(NO3)2 (C, D) concentration in 10 mM MOPS 
buffer at pH 7.5. 
 

2.4.4 Effect of humic acids 
HA and FA are not detectable by DLS and NTA as single macromolecules (size 

below 2.5 nm) (BALNOIS et al., 1999; LEAD et al., 2000), but only if present as 

agglomerates. In HA control solutions (5, 10, or 20 mg L-1), particles displaying a 

negative surface charge between -16 and -24 mV, and a Z-average size between 290 and 

350 nm are measured (Figures 2.4A and B). HA agglomerates with a size of 150 nm are 

detected by NTA (Table 2.1). Under comparable experimental conditions, FA 

agglomerates up to 1 μm and exhibits a zeta potential near 0 mV (Figures 2.4C and D). 
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FIGURE 2.4. Average zeta potential (A, C) and Z-average size (B, D) of HA (A, B) and FA (C, D) control 
(●) and untreated (■), slight preagglomerated (▲), and strong preagglomerated (▼) 10 μM AgNP as a 
function of humic substances concentration in 10 mM MOPS buffer at pH 7.5. 100 mM NaNO3 is used to 
slightly and 1 M NaNO3 to strongly preagglomerate the AgNP. 
 

The surface charge of untreated AgNP becomes more negative with increasing 

concentration of HA, reaching a zeta potential of -40 mV in presence of 20 mg L-1 HA 

(Figure 2.4A). In the case of particles that were previously slightly or strongly 

preagglomerated in presence of Na+, the surface charge does not change significantly and 

ZP of -13 and -18 mV are measured in presence of 20 mg L-1 HA, respectively. In the 

case of FA, the ZP remains in a range between -5 and -15 mV for all exposure conditions 

(Figure 2.4C). Investigation of the Z-average size of untreated and preagglomerated 

AgNP (Figures 2.4B and D) reveals no relevant changes in the considered range between 

5 and 20 mg L-1 of HA and FA compared to the size in the absence of humic substances 

in suspension. NTA (Table 2.1) and UV-vis absorbance (Figure 2.2C) measurements of 

untreated AgNP in presence of HA show no relevant influence of humic substances on 

the agglomeration state of the particles. 
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2.4.5 Stability in natural water 
According to the chemical analysis, 0.22-μm filtered Chriesbach water contains 

3.72 mg C L-1 DOC, 0.97 mM Cl-, 0.36 mM NO3
-, 0.25 mM SO4

2-, 0.11 mM K+,        

0.84 mM Na+, 2.59 mM Ca2+, and 0.62 mM Mg2+ (ionic strength = 8.05 mM), and has a 

pH of 7.8 (Supporting Information, Table S2.1). 

 

 
FIGURE 2.5. Average zeta potential (A) and Z-average size (B) of various AgNP concentration exposed in 
0.22-μm filtered Chriesbach water measured at time point 15 min (●), 24 h (■), and 7 days (▲). 
Characterization of the natural colloids present in the natural water as a function of time and filtration step 
is as well presented. 
 

The natural colloids present in Chriesbach water are slightly negatively charged 

with values from -10 mV in 1-mm filtered water to -20 mV in 0.22-μm filtered water 

(Figure 2.5A). According to size analysis (Figure 2.5B) at the start of the experiment with 

AgNP, natural colloids in 1-mm and 1.2-μm filtered water display Z-average sizes over   

1 μm. Natural colloids with a Z-average size below 300 nm were measured in 0.22-μm 

filtered water. After 24 hours and 7 days, higher sizes of agglomerates of natural colloids 

are measured in all considered waters. Size measurement performed using NTA reveals 

similar agglomerate sizes in 0.22-μm filtered Chriesbach after 15 min (Table 2.1). 

However, decreasing size is observed over exposure time. Particle concentrations of 2.46, 

6.77, and 7.46 x 108 mL-1 are measured in the size range between 30 and 700 nm by NTA 

in 0.22-μm filtered Chriesbach water after 15 min, 24 hours and 7 days, respectively. 
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The analysis of the ZP of AgNP exposed in 0.22-μm filtered Chriesbach water 

reveals that 100 μM AgNP are less negatively charged (-20 mV), and 0.1, 1, and 10 μM 

AgNP have similar ZP (Figure 2.5A) compared to the same concentrations in MOPS and 

carbonate buffer at pH 7.5 (Figure 2.1A). Changes of the surface charge after 24 hours 

and 7 days are negligible. An increased AgNP agglomeration state over time is observed 

for all considered concentrations (Figure 2.5B). Compared to the size measured in MOPS 

and carbonate buffer at pH 7.5 (Figure 2.1B), a clearly higher agglomeration state is 

evident in the Chriesbach water. Only the sample containing 1 μM AgNP shows a similar 

size of 100 nm, as measured in carbonate buffer after 15 min of exposure (Figure 2.1B). 

Similar results were found for AgNP exposed in 1-mm and 1.2-μm filtered Chriesbach 

water (Supporting Information, Figure S2.3). Total particle concentration of 3.83 and 

9.58 x 108 mL-1 were measured in 0.22-μm filtered Chriesbach water for 0.1 and 1 μM 

AgNP after 15 min. After 24 hours and 7 days, values of 6.22 and 9.58 x 108 mL-1 for   

0.1 μM AgNP, and of 9.34 and 9.42 x 108 mL-1 for 1 μM AgNP were measured, 

respectively. Same analysis reveals particle concentrations of 0.43 and 2.63 x 108 mL-1 

for 0.1 and 1 μM AgNP in 10 mM MOPS buffer. NTA analysis (Table 2.1) reveals less 

pronounced AgNP agglomeration in 0.22-μm filtered water. However, a higher 

agglomeration state is evident upon comparison with AgNP in MOPS at pH 7.5. The 

maximal absorbance peak intensity and wavelength of 100 μM AgNP in Chriesbach 

water is time dependent (Figure 2.2D). Already after 15 min, a decrease of the 

absorbance intensity at 400 nm and a shift of a second peak towards higher wavelength 

are evident. After 7 days of exposure, the absorbance has almost disappeared, and no 

peaks were observed. 

2.5 Discussion 
To investigate the stability of carbonate-coated AgNP in natural waters and in 

synthetic media, a set of different methods suitable for measuring changes in the 

physicochemical characteristics of the particles was applied. According to the presented 

results and to selected literature (HANDY et al., 2008; DOMINGOS et al., 2009; FILIPE et 

al., 2010; MACCUSPIE et al., 2011), DLS measurements can be proposed as fast and 

accurate for suspensions having low PdI. However, overestimation of size distribution 

often occurs in complex and polydisperse media, containing, for example, natural 
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colloids or large agglomerates of organic molecules having high PdI (Supporting 

Information, Table S2.2). Consequently, we propose the use of multiple analytical 

techniques to characterize AgNP in complex media, combining DLS, NTA, and UV-vis 

absorbance. Generally, size and particle concentration measurements by NTA are suitable 

for lower AgNP concentrations (<10 µM AgNP). However, detection of 0.1 µM AgNP in 

filtered natural freshwaters is difficult due to the lower particle concentration (0.43 x 108 

particles per mL) compared to the number of natural colloids (2.46 x 108 particles per 

mL). Under optimal measurement conditions, NTA can provide accurate information on 

particle concentrations as well. For example, measured concentrations of natural particles 

in Chriesbach water (2.46 to 7.46 x 108 particles per mL, size range between 30 and    

700 nm) are similar to the values reported by Gallego-Urrea et al. (2009) for lake and 

river samples using the same detection method (0.5 to 20 x 108 particles per mL, size 

range up to 600 nm). The analysis of UV-vis absorbance can be performed only for a few 

types of metallic nanoparticles. As reported by Chinnapongse et al. (2011), and 

MacCuspie (2011), and confirmed in this study, fast and simple UV-vis absorbance 

measurements are suitable to detect AgNP agglomeration in natural waters or complex 

media. The limits of this method are given by the limits of the measurable concentration 

range that normally is not representative for environmentally relevant concentrations. In 

the present experiments only AgNP suspensions having a concentration between 5 and 

250 µM could be easily detected. 

The behavior of the AgNP used in the present study in natural water and in 

synthetic media is primarily controlled by the stability of the carbonate coating. The 

electrostatic stabilization given by the negatively charged carbonate molecules can be 

highly affected by the electrolyte concentration and by the pH. According to our 

experiments, agglomeration of carbonate-coated AgNP starts at 2 mM Ca2+ and 100 mM 

Na+. Agglomeration of different types of AgNP was reported to be enhanced in similar 

electrolyte concentration between 10 and 100 mM Na+, and 2 and 10 mM Ca2+ 

(CUMBERLAND and LEAD, 2009; EL BADAWY et al., 2010; LI et al., 2010; GEBAUER and 

TREUEL, 2011; HUYNH and CHEN, 2011). As predicted by the DLVO theory (ELIMELECH 

et al., 1995), under these conditions the electrical double-layer on the particle surface is 

strongly compressed and the ZP approaches zero. Consequently, the agglomeration 
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process is enhanced. The 50 times higher effect of divalent ions is in accordance with the 

theoretical value of 64 given by the Schulze-Hardy rule (ELIMELECH et al., 1995). 

Effects of pH on the AgNP stability can be explained by the pH dependence of the 

carbonate speciation (pKa1 = 6.35, pKa2 = 10.33) (STUMM and MORGAN, 1996). Under 

neutral and basic pH conditions, the carbonate coating of the AgNP in equilibrium with 

HCO3
- and CO3

2- is negatively charged and the AgNP are stable. However, below pH 5 

mostly H2CO3 species are present and the carbonate coating is neutralized or lost from 

the AgNP surface in the form of CO2. As a result, the number of negatively charged 

molecules decreases and the agglomeration process is enhanced, particularly in the region 

near the zero point of charge at pH 2.9 to 3.9. Agglomeration under acidic conditions was 

also observed for other types of AgNP (EL BADAWY et al., 2010). 

An important point that emerges from the analysis of pH and ionic strength effects 

on AgNP is that the agglomeration state depends both on surface charge and particle 

concentration. Under unstable conditions at low pH and high electrolyte concentrations, 

the AgNP agglomeration is proportional to the particle concentration in suspension, as 

predicted by the classical collision theory. However, under conditions where the 

carbonate coating effectively stabilizes the AgNP, agglomeration is prevented and 

concentrated AgNP suspensions are more stable. The low stability of diluted suspensions 

results from the new equilibrium that the carbonate molecules on AgNP surface are 

subjected from dilution steps in fresh media. Consequently the number of negatively 

charged molecules decreases and the electrostatic repulsion capacity of the AgNP 

diminishes. 

Stabilization of AgNP by humic and fulvic substances appears to be negligible in 

the considered concentration range. No steric stabilization effect was observed on the 

agglomeration state of untreated and preagglomerated AgNP. Preagglomerated AgNP in 

the presence of salts are not disagglomerated. Only a slight effect on the ZP is observed. 

Both carbonate-coated AgNP and humic substances have a negative surface. Therefore, a 

weak electrostatic repulsion and a weak steric stabilization can be expected. A negligible 

effect of fulvic acids on AgNP agglomeration was reported by Li et al. for uncoated 

AgNP (LI et al., 2010). However, higher stability of citrate-coated AgNP in presence of 
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humic acids was observed in suspensions containing Na+ and low concentration of Ca2+ 

(CUMBERLAND and LEAD, 2009; HUYNH and CHEN, 2011). 

The examination of the AgNP stability in Chriesbach streamwater using DLS, 

NTA, and UV-vis absorbance shows that AgNP agglomerate within a few days. 

Comparable behavior is reported for different types of AgNP exposed to pond water, 

synthetic seawater, and simulated estuarine waters (CHINNAPONGSE et al., 2011), and to 

artificial biological media (MACCUSPIE, 2011; STEBOUNOVA et al., 2011). The combined 

effect of mono- and divalent ions (Ca2+ + Mg2+ = 3.21 mM) can be proposed as the 

critical variable in this system. As observed by exposing AgNP in different filtered water 

(Supporting Information, Figure S2.3), the effects of small natural colloids and natural 

organic ligands do not appear to be relevant in the considered time range. 

According to our results, monodispersed carbonate-coated AgNP entering 

freshwaters having neutral pH and divalent electrolyte concentration below 2 mM may be 

stable and readily dispersible. Agglomerated AgNP can be still detected in the natural 

water samples after exposure for 7 days. Consequently, slow sedimentation and increased 

mobility may have an important impact on AgNP bioavailability to aquatic organisms, 

which should be further investigated. 
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2.8 Supporting information 
 

A      B 

 
 

C 

 
FIGURE S2.1. Zeta potential distribution (A), size distribution (B), and UV-vis absorbance (C) of 
carbonate-coated AgNP. 
 
 
 
 

 
FIGURE S2.2. Average zeta potential (A) and Z-average size (B) of AgNP in the original suspension (♦), 
10 mM MOPS pH 7.5 (●), 10 mM carbonate pH 7.5 (■), 10 mM carbonate pH 10 (▲), and 50 mM 
carbonate pH 10 (▼). 
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TABLE S2.1. Chemical analysis of Chriesbach water. 
 

 DOC Cl- NO3
- SO4

2- K+ Na+ Ca2+ Mg2+ I 
filtration mg C/L mM mM mM mM mM mM mM mM 
0.22-µm 3.72 0.97 0.36 0.25 0.11 0.84 2.59 0.62 8.05 
1.2-µm 3.33 0.97 0.39 0.25 0.11 0.85 2.59 0.64 8.10 
1-mm 3.55 0.99 0.39 0.25 0.11 0.84 2.61 0.64 8.16 

 
 
 
 

 
FIGURE S2.3. Average zeta potential (A, C) and Z-average size (B, D) of various AgNP concentration 
exposed in 1.2-μm (A, B) and 1-mm (C, D) filtered Chriesbach water measured at time point 15 min (●),  
24 h (■) and 7 days (▲). Characterization of the natural colloids present in the natural water as a function 
of time and filtration step is as well presented. 
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TABLE S2.2. Polydisperse index of AgNP in filtered Chriesbach water, and HA and FA controls. 
 

 AgNP (μM) time medium polydispersity index 
average SD 

1 0 15 m 1-mm filtered water 0.794 0.036 
2 0 15 m 1.2-μm filtered water 0.746 0.027 
3 0 15 m 0.22-μm filtered water 0.327 0.031 
4 0.1 15 m 0.22-μm filtered water 0.427 0.010 
5 1 15 m 0.22-μm filtered water 0.430 0.009 
6 10 15 m 0.22-μm filtered water 0.224 0.017 
7 100 15 m 0.22-μm filtered water 0.303 0.010 
8 0 24 h 1-mm filtered water 0.766 0.084 
9 0 24 h 1.2-μm filtered water 0.783 0.056 

10 0 24 h 0.22-μm filtered water 0.613 0.062 
11 0.1 24 h 0.22-μm filtered water 0.431 0.092 
12 1 24 h 0.22-μm filtered water 0.406 0.013 
13 10 24 h 0.22-μm filtered water 0.409 0.045 
14 100 24 h 0.22-μm filtered water 0.479 0.014 
15 0 7 d 1-mm filtered water 0.881 0.078 
16 0 7 d 1.2-μm filtered water 1.000 0.000 
17 0 7 d 0.22-μm filtered water 0.620 0.015 
18 0.1 7 d 0.22-μm filtered water 0.719 0.026 
19 1 7 d 0.22-μm filtered water 0.410 0.014 
20 10 7 d 0.22-μm filtered water 0.407 0.016 
21 100 7 d 0.22-μm filtered water 0.442 0.039 
22 0 - 10 mM MOPS, pH 7.5, 5 mg/L HA 0.434 0.136 
23 0 - 10 mM MOPS, pH 7.5, 10 mg/L HA 0.334 0.105 
24 0 - 10 mM MOPS, pH 7.5, 20 mg/L HA 0.275 0.030 
25 0 - 10 mM MOPS, pH 7.5, 5 mg/L FA 0.974 0.037 
26 0 - 10 mM MOPS, pH 7.5, 10 mg/L FA 0.600 0.254 
27 0 - 10 mM MOPS, pH 7.5, 20 mg/L FA 0.698 0.369 
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2.9 Dissolution of carbonate-coated silver nanoparticles in natural 
freshwater 

This section is an addendum to chapter 2:“Colloidal stability of carbonate-coated 

silver nanoparticles in synthetic and natural freshwater”. 

2.9.1 Introduction 
The dissolution and release of free silver ions (Ag+) from the surface of silver 

nanoparticles (AgNP) is a relevant process, that can affect the AgNP mobility and 

persistence in natural water, and consequently their bioavailability and effects to aquatic 

organisms. Important environmental parameters that can affect the AgNP dissolution are 

temperature, pH, and the presence of organic and inorganic molecules in the solution (LIU 

and HURT, 2010; LIU et al., 2010). A relationship between the AgNP dissolution and the 

AgNP coating composition is also reported (ODZAK et al., 2012). 

Various techniques are available to quantify Ag+ dissolution from AgNP. 

Centrifugal ultrafiltration (UF), Ag+-ion selective electrode (ISE), dialysis, and diffusive 

gradients in thin films (DGT) were applied in previous studies (BENN and WESTERHOFF, 

2008; NAVARRO et al., 2008; NGEONTAE et al., 2008; MIAO et al., 2009; LIU and HURT, 

2010; LIU et al., 2010; ODZAK et al., 2012). 

The aim of the present study is to investigate the time dependent dissolution of Ag+ 

from carbonate-coated AgNP in Chriesbach water, as complemental information on the 

colloidal stability of AgNP reported in chapter 2. For this purpose, UF was applied to 

distinguish between Ag+ and AgNP. Additionally, the speciation of Ag+ was modeled and 

calculated using the software Visual MINTEQ V2.40b (VISUAL MINTEQ V2.40B). 

2.9.2 Materials and methods 
The used chemicals (AgNP, 65% HNO3 and 30% H2O2), materials, and method for 

metal analysis (ICP-MS) were the same as those reported and described in chapter 2. In 

the original AgNP suspension 1% of the total silver concentration is present as Ag+, 

resulting from incomplete synthesis of AgNP (NAVARRO et al., 2008). To prevent redox 

reactions, AgNP suspensions were kept in the dark. Concentrations of AgNP are given as 

molarity of the total silver mass. 

Analysis of dissolved silver was performed by UF using Ultracel 3k Centrifugal 

Filter Devices (Amicon Millipore) with a molecular cut-off of 3 kDa (pore size <2 nm) 
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(MILLIPORE CORPORATION, 2008) as described in Navarro et al. (2008). This technique 

allows distinguishing between ionic and particulate silver. After filtration, filtrates were 

acidified and the total silver concentration (isotope 109Ag) was measured by ICP-MS. 

Silver speciation was calculated using the software Visual MINTEQ V2.40b (VISUAL 

MINTEQ V2.40B). 

Water from the Chriesbach stream was collected, filtered, and analyzed as 

described in chapter 2. The AgNP dissolution under natural conditions was examined by 

adding 1 and 100 µM AgNP in 1.2- and 0.22-μm filtered Chriesbach water under 

constant gentle stirring. After 15 min, 24 hours and 7 days, the samples were filtered and 

analyzed as described above. 

2.9.3 Results 
The chemical analysis of filtered Chriesbach water is reported in Table 2.2. Values 

between 14.2 and 30.6 nM Ag+ were measured in filtrates of 1 μM AgNP in 0.22- and 

1.2-μm filtered Chriesbach water independently of the time (Table 2.3). In the case of 

100 μM AgNP, a Ag+ concentration around 640 nM was measured after 15 min. This 

concentration decreased down to 251 and 309 nM after 24 h, and then remained constant 

till 7 days. Additionally, for both AgNP concentrations, negligible differences were 

observed between the experiment in 1.2- and 0.22-μm filtered Chriesbach water. 

 
TABLE 2.2. Chemical analysis of Chriesbach water, at pH 7.8. From chapter 2. 
 

 DOC Cl- NO3
- SO4

2- K+ Na+ Ca2+ Mg2+ I 
filtration mg C/L mM mM mM mM mM mM mM mM 
0.22-µm 3.72 0.97 0.36 0.25 0.11 0.84 2.59 0.62 8.05 
1.2-µm 3.33 0.97 0.39 0.25 0.11 0.85 2.59 0.64 8.10 
1-mm 3.55 0.99 0.39 0.25 0.11 0.84 2.61 0.64 8.16 

 
TABLE 2.3. Time dependent AgNP dissolution in Chriesbach water. 
 

  dissolved silver, nM (% of total silver) 
AgNP Chriesbach water t = 15 min t = 24 h t = 7 days 

1 μM 0.22-μm filtered 25.9 (2.6 %) 30.6 (3.1 %) 14.2 (1.4 %) 
1.2-μm filtered 30.4 (3.0 %) 18.3 (1.8 %) 26.3 (2.6 %) 

100 μM 0.22-μm filtered 613.5 (0.6 %) 250.5 (0.3 %) 235.0 (0.2 %) 
1.2-μm filtered 640.0 (0.6 %) 309.1 (0.3 %) 326.5 (0.3 %) 
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2.9.4 Discussion 
The reported time dependent AgNP dissolution in natural water showed that a 

constant low Ag+ concentration was measured up to 7 days, indicating that the AgNP 

dissolution was not a fast process under the considered conditions. Low AgNP 

dissolution was also reported by Odzak et al. in synthetic inorganic media for AgNP 

having various type of coating (ODZAK et al., 2012). 

In the case of 1 μM AgNP, the measured Ag+ concentrations were slightly higher 

compared to the Ag+ concentration in AgNP suspension at the beginning of the 

experiment (10 nM Ag+ = 1 % of 1 μM AgNP). However, the Ag+ concentrations in    

100 µM AgNP in Chriesbach water was clearly lower in comparison to the Ag+ 

concentration at time point zero (1 µM Ag+ = 1 % of 100 µM AgNP). According to the 

measured chloride concentration in Chriesbach water (0.97 mM) and to the low solubility 

of silver chloride (AgCl(s)) (log K = -9.75) (VISUAL MINTEQ V2.40B), the formation and 

precipitation of AgCl(s) can explain the decrease of the Ag+ concentration. Based on the 

silver speciation, the concentration of dissolved silver was oversaturated in the case of 

100 μM AgNP, and undersaturated for 1 μM AgNP. Under the reported chloride 

concentration, a maximal free Ag+ concentration of 180 nM can be calculated at 

equilibrium. 

As reported by Odzak et al. (2012), UF technique gives comparable measurements 

to dialysis and DGT for AgNP dissolution in synthetic inorganic media. However, due to 

differences in pore size in each technique and to the presence of natural colloids and large 

biomolecules in the considered natural freshwater, the measured AgNP dissolution might 

vary according to the chosen technique. For instance, complexation of Ag+ by large 

biomolecules (>3kDa) would result in underestimation of the Ag+ concentration by UF. 

Thus, the use of a multiple analytical techniques is recommended in the case of AgNP 

exposure in complex natural media. 

According to this result, disperse and agglomerated AgNP entering into freshwater 

systems may dissolve slowly and thus display a certain degree of mobility and 

persistence, that could have a relevant impact on the AgNP bioavailability to aquatic 

organisms. Additionally, the released Ag+ remained constant over a period of 7 days, 

indicating a stable chemical equilibrium between Ag+ and the other ions present in the 
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solution, and confirming the absence of sulfide in the considered system, that could 

perturb the equilibrium causing higher Ag+ complexation and precipitation. 
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3.1 Abstract 
The intracellular silver accumulation ({Ag}in) upon exposure to carbonate-coated 

silver nanoparticles (AgNP, 0.5-10 µM, average diameter 29 nm) and silver nitrate     

(20-500 nM) was examined in the wild type and in the cell wall free mutant of the green 

alga Chlamydomonas reinhardtii at pH 7.5. The {Ag}in was measured over time up to     

1 hour after a wash procedure to remove silver ions (Ag+) and AgNP from the algal cell 

surface. The {Ag}in increased with increasing exposure time and with increasing AgNP 

and AgNO3 concentrations in the exposure media, reaching steady-state concentrations 

between 10-5 and 10-3 mol Lcell
-1. According to estimated kinetic parameters (Jmax, 8 x 10-9 

mol m-2 min-1; Vmax, 8 x 10-6 mol Lcell
-1 min-1; Km, 10-7 mol L-1), high Ag+ 

bioconcentration factors were calculated (> 103 L Lcell
-1). Higher accumulation rates were 

assessed in the cell wall free mutant, indicating a protective role of the cell wall in 

limiting Ag+ uptake. The bioavailability of AgNP was calculated to be low in both strains 

relative to Ag+, suggesting that AgNP internalization across the cell membrane was 

limited. 

3.2 Introduction 
Determining the bioavailability of metals and their intracellular accumulation in 

aquatic organisms is essential for the evaluation of metal toxicity to aquatic life. There is 

an increasing use of engineered silver nanoparticles (AgNP) in consumer products 

(WOODROW WILSON INTERNATIONAL CENTER FOR SCHOLARS; LUOMA, 2008; 

WIJNHOVEN et al., 2009), and by using their estimated production (MUELLER and 

NOWACK, 2008; HENDREN et al., 2011) and their potential release as discrete particles or 

as composite colloids (BENN and WESTERHOFF, 2008; GERANIO et al., 2009; KAEGI et al., 

2010), the introduction of AgNP into the aquatic system can be predicted and modeled 

(MUELLER and NOWACK, 2008; GOTTSCHALK et al., 2010). According to the predicted no 

effect concentration of silver, potential risk for the aquatic systems can be expected 

(GOTTSCHALK et al., 2010). Additionally, the detection of discrete and agglomerated 

AgNP was already reported under specific natural freshwater conditions (CHINNAPONGSE 

et al., 2011; PICCAPIETRA et al.). Consequently, aquatic organisms may be exposed to 

discrete AgNP, agglomerated AgNP, or silver ions released from their surface. 
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At present, only few studies have investigated the interactions of AgNP with algae. 

AgNP toxicity was examined for the green alga Chlamydomonas reinhardtii (NAVARRO 

et al., 2008b) and for a coastal marine diatom (MIAO et al., 2009). In both cases, the 

AgNP toxicity was reported to be primarily mediated by the free silver ions (Ag+). The 

intracellular accumulation of AgNP was reported only in one study for the freshwater 

alga Ochromonas danica (MIAO et al., 2010). Thus, only a general hypothesis can be 

proposed for the AgNP internalization mechanisms in algae, mainly based on the 

comparison between the size of the nanoparticles and the size of the pores across the cell 

wall (5 to 20 nm) (NAVARRO et al., 2008a), and assuming endocytotic uptake across the 

cell membrane (MOORE, 2006). 

More information is available on interactions of Ag+ with algae. Bioaccumulation 

and Ag+ mediated toxicity of silver compounds in algae were reviewed by Ratte (1999). 

High bioconcentration factors were reported for freshwater green algae (> 105) and 

marine algae (> 104) (RATTE, 1999). The silver uptake and toxicity to the green alga      

C. reinhardtii was also investigated (FORTIN and CAMPBELL, 2000; FORTIN and 

CAMPBELL, 2001; LEE et al., 2005; HIRIART-BAER et al., 2006). Examination of silver 

uptake in C. reinhardtii showed that the Ag+ uptake is very rapid and possibly mediated 

by a Cu(I) transport system (FORTIN and CAMPBELL, 2000). However, a systematic and 

quantitative comparison between intracellular silver accumulation in algae upon exposure 

to Ag+ and to AgNP needs to still be performed. 

Additionally, more information on the role of the cell wall is needed. According to 

comparative studies on the toxicity of Cd, Co, Cu, and Ni performed using the wild type 

and a cell wall free mutant of C. reinhardtii (MACFIE et al., 1994; MACFIE and 

WELBOURN, 2000), the mutant was found to be more sensitive to metals, indicating that 

the cell wall plays a role in increasing the metal tolerance of the alga. However, the role 

of the cell wall as a barrier against silver uptake is still not clear. 

In the present study, the time and concentration dependence of the intracellular 

silver accumulation upon exposure to carbonate-coated AgNP and to AgNO3 was 

examined in the model green alga C. reinhardtii. A comparison between the two different 

treatments based on the Ag+ present in the exposure media was also performed to 

quantify the AgNP internalization in algae and the dissolution of Ag+ from the AgNP 
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upon exposure. The silver uptake kinetics was further evaluated by modeling and 

calculating the silver uptake and release rates, using Michaelis-Menten kinetics. To 

evaluate the role of the cell wall on silver accumulation, comparative studies were 

performed with the wild type and a cell wall free mutant of C. reinhardtii. 

3.3 Materials and methods 

3.3.1 Materials 
Carbonate-coated AgNP were provided by NanoSys GmbH (Wolfhalden, 

Switzerland; fabrication date: 03/05/2007) as an aqueous suspension with a nominal 

silver concentration of 1 g L-1 (9.27 mM), and were previously used and characterized by 

Piccapietra et al. (2012) and Navarro et al. (2008b). The carbonate coating was chosen to 

avoid additional toxic effects to C. reinhardtii and as representative coating of 

nanoparticles used in consumer products (similar chemical properties as citrate). 

According to previous analysis (NAVARRO et al., 2008b), 1% of the total silver in the 

AgNP suspension was present as Ag+. Concentrations of AgNP are given as molarity of 

the total silver mass. To prevent redox reactions, all solutions containing silver were kept 

in the dark. 

AgNO3, L-cysteine, NaOH, 3-morpholine propanesulfonic acid (MOPS) and all 

compounds of the algal growth medium Talaquil (SCHEIDEGGER et al., 2011) were 

purchased from Sigma-Aldrich (purissimum grade; Buchs SG, Switzerland), and HNO3 

(65%) and H2O2 (30%) from Merck (Suprapure chemicals; Darmstadt, Germany). 

Stock solutions of 0.1 M MOPS buffer (pH adjusted to 7.5) and 10 mM AgNO3 

were prepared in deionized nanopure water (16-18 MΩ cm-1; Barnstead Nanopure Skan 

Ag, Basel-Allschwil, Switzerland). All working AgNO3, AgNP, MOPS (10 mM) and 

cysteine solutions were freshly prepared prior to use. Cysteine was immediately stored on 

ice to prevent oxidation. 

To avoid metal contamination, all needed polycarbonate and Teflon materials were 

soaked at least for 24 hours in 0.03 M HNO3, and then well rinsed with deionized 

nanopure water before use. Cellulose nitrate filters (pore size 0.45 µm; Sartorius AG, 

Goettingen, Germany) were first boiled into 0.03 M HNO3 and then dried at 50°C for    
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24 hours. To avoid biological contaminations, all materials and media used for the algal 

growth were autoclaved prior to use. 

3.3.2 Nanoparticle characterization 
Z-average size and average zeta potential (ZP) of the AgNP were measured 

respectively by dynamic light scattering (DLS) and electrophoretic mobility using a 

Zetasizer (Nano ZS, Malvern Instruments) as described in Piccapietra et al. (2012). 

3.3.3 Algal culture 
The wild type (CC-125 137c mt+) and a cell wall free mutant (CC-400 cw15 mt+) 

of the mixotrophic unicellular green alga C. reinhardtii were used in this study as test 

organisms (HANIKENNE, 2003). They were obtained from the Chlamydomonas Genetics 

Center (Duke University, Durham, USA). Both strains were cultured axenically under 

controlled conditions (25°C, 90 rpm, 120 µE m-2 s-1) in the sterile standard growth 

medium Talaquil at pH 7.5, as previously described (SCHEIDEGGER et al., 2011). Cell 

number and volume were detected by an electronic particle counter (aperture 50 µm; Z2 

Coulter Counter; Beckman Coulter, Fullerton, CA, USA). The average diameter, volume 

and cell surface of wild type and mutant cells at the experimental time point were       

5.76 µm, 100 fL and 104 µm2, and 4.15 µm, 37 fL and 55 µm2, respectively. 

3.3.4 Exposure media and conditions 
To avoid silver complexation, all experiments were performed in 10 mM MOPS at 

pH 7.5. In this nutrient free medium, untreated algae maintain their maximal 

photosynthetic activity up to a few hours (NAVARRO et al., 2008b). Additionally, the 

exposure time was limited to 1 hour to minimize silver complexation with algal exudates. 

To avoid the effect of the algal cell density on the intracellular silver accumulation 

(Supporting Information, Figure S3.1 and Franklin et al. (2002)), all experiments were 

performed with the same cell density of 1 x 106 cells mL-1. Before starting the exposure, 

algae were acclimatized for 15 min to 10 mM MOPS at pH 7.5, and samples of 

unexposed algae were taken to control for possible silver contamination. At the end of 

each experiment, the cell density in the suspension was checked again. All experiments 

were conducted under constant stirring at 25°C and performed in 3 culture replicates. The 

errors bars presented in the figures represent their calculated standard deviation. 
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3.3.5 Wash experiments 
To differentiate between total and intracellular silver content ({Ag}in), a washing 

procedure with a ligand was used to complex and remove the extracellular Ag+ adsorbed 

on the cell wall or the cell membrane of the algae (MEYLAN et al., 2003; HASSLER et al., 

2004). Based on preliminary experiments comparing the wash efficiency of EDTA, 

diethyldithiocarbamic acid ammonium salt (DDC) and cysteine in the wild type 

(Supporting Information, Figure S3.2), cysteine was selected in this study as a wash 

ligand for silver (stability constant silver-cysteine complex AgCysH, logK = 22.7, 

Supporting Information, Table S3.1 (ADAMS and KRAMER, 1999)). Thus, the {Ag}in is 

operationally defined as the non-cysteine-removable silver. 

The time dependence of the cysteine wash efficiency was further examined by 

exposing the exponentially growing mutant to 30 nM AgNO3. After 1 hour, algal samples 

were washed with 0.5 mM cysteine for 1 to 60 min, and finally filtered on cellulose 

nitrate filters by vacuum filtration using a PC filter holder (SM 16510, Sartorius AG; 

Göttingen, Germany). Aliquots of unwashed exposed algae were taken to measure the 

total silver content after 1 hour of exposure. Similar experiments were performed for the 

wild type using 1 mM cysteine (Supporting Information, Figure S3.2). 

In the case of exposure to AgNP, preliminary experiments for the optimization of 

the wash procedure used to remove the AgNP from the cell surface were performed by 

subsequent resuspension of the exposed algae in fresh media. Mutant algae were exposed 

to 1 µM AgNP and, after 1 hour, cells were centrifuged (10 min, 1500 rpm, 25 °C) and 

resuspended in fresh 10 mM MOPS at pH 7.5. This wash procedure was repeated 1 to 5 

times. Additionally, at the end of the last wash cycle, a 0.5 mM cysteine wash for 5 min 

was also performed to remove adsorbed Ag+. Finally, algae were filtered as previously 

described. To measure the total silver content after 1 hour of exposure, samples of 

unwashed exposed algae were also taken. Similar experiments were performed for the 

wild type (Supporting Information, Table S3.2). 

3.3.6 Accumulation experiments 
Exponentially growing wild type and mutant cells (cell density 1 x 106 cells mL-1) 

were exposed to 0.5-10 µM AgNP, and to 20-500 nM AgNO3. The {Ag}in upon exposure 

to AgNO3 was investigated from 0.5-60 min in the wild type, and from 5-60 min in the 
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mutant. Considered time points for the exposure to AgNP included 10, 40 and 60 min for 

both strains. According to the results on the wash efficiency of the proposed methods 

(section: results, wash experiments), the adsorbed Ag+ on AgNO3 exposed algae was 

washed with 0.5 (mutant) and 1 mM cysteine (wild type) for 5 min. The Ag+ and AgNP 

on the surface of AgNP exposed cells were removed by three subsequent centrifugation 

(10 min, 1500 rpm and 25 °C for the mutant, and 10 min, 3000 rpm and 25 °C for the 

wild type) and resuspension cycles in 10 mM MOPS at pH 7.5, followed by a 5 min wash 

using 0.5 or 1 mM cysteine. 

3.3.7 Algae digestion and metal analysis 
Filters with algae were dried at 50°C for 24 hours, then transferred into Teflon 

flasks and digested with 4 mL 65% HNO3 and 1 mL 30% H2O2 in a high performance 

microwave digestion unit (maximal temperature 195°C; mls 1200 mega; Microwave 

Laboratory System, Oberwil, Switzerland). Each solution was transferred into a 25 mL 

graduated flask and filled to volume with deionized nanopure water. After dilution (1/10), 

the total silver concentration (isotope 109Ag) was measured by HR-ICP-MS (Element 2 

High Resolution Sector Field ICP-MS; Thermo Finnigan, Bremen, Germany). The 

measured silver content of each sample was normalized to the blank of unexposed algae 

and expressed as mole of silver per cell volume (mol Lcell
-1). The reliability and the 

stability of the measurement over time were controlled using specific water references 

with a known silver content (National Water Research Institute, Burlington, Canada). To 

evaluate possible contamination, several blanks (medium-, filter-, acid-, cysteine- and 

deionized nanopure water-blanks) were also measured. To assess the reliability and the 

recovery of the AgNP digestion, AgNP stock solutions with a known silver concentration 

were analyzed after digestion (92.4 ± 6.3%). A domestic sludge reference with a known 

silver content (National Institute of Standards and Technology, Gaithersburg, US) was 

also measured. The silver recovery in the domestic sludge was affected by the high 

content of organic matter (88.3 ± 3.5%). 

3.3.8 Uptake models and kinetics 
To describe the kinetics of the measured intracellular silver accumulation over time, 

a nonlinear one-compartment model was used that describes a simultaneous silver uptake 
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and release by the cell following first-order kinetics: [ ] { }in
k

k
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1

 (NEWMAN and 

UNGER, 2003; BRADAC et al., 2009). According to this model, the silver accumulation 

follows an exponential increase that rises to a maximum (steady-state) with a hyperbolic 

evolution over time: { } [ ] ( )tk
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the silver concentration in the exposure media ([Ag]out, mol L-1), the measured 

intracellular silver accumulation ({Ag}in, mol Lcell
-1 or mol m-2), the nonlinear uptake rate 
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-1 min-1 or L m-2 min-1) and the nonlinear release rate (k-1, min-1). The proposed 
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Based on the kinetics data, a silver bioconcentration factor (BCF, L Lcell
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Multiplying the estimated uptake rates with the corresponding silver concentration 

in the exposure media, the silver uptake flux (J, mol m-2 min-1) and velocity (V, mol Lcell
-1 

min-1) were calculated for each exposure concentration. Following the Michaelis-Menten 

equation: [ ]
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Menten kinetic parameters (Km, equal to the half of the saturation concentration; Jmax, 

equal to the maximal uptake flux; Vmax, equal to the maximal uptake velocity) were 

estimated for the silver uptake flux as a function of the silver concentration in solution 

(NEWMAN and UNGER, 2003). Errors deriving from modeled parameters were calculated 

according to: ∑ 
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3.4 Results 

3.4.1 Nanoparticle characterization 
As reported by Piccapietra et al. (2012), AgNP in the original suspension (pH 9.65) 

have a Z-average size of 29.0 ± 2.5 nm and an average ZP of -41.8 ± 3.1 mV. The 

analysis of the AgNP stability (size and ZP) in 10 mM MOPS at pH 7.5 revealed a 

constant Z-average size between 29 and 45 nm for AgNP concentrations between       

9.27 mM and 10 µM. For highly diluted solutions (1 and 0.1 µM), an increase of the      

Z-average size up to 90 and 436 nm, and a ZP approaching to zero was observed. 

3.4.2 Wash experiments 
The cellular silver content measured in the mutant with increasing cysteine wash 

time and with increasing number of resuspension cycles is reported in Figure 3.1. In the 

case of the AgNO3 treatment, the measured total silver content after 1 hour of exposure to 

30 nM AgNO3 was 3.2 x 10-4 mol Lcell
-1. Approximately 50% of the silver was removed 

after 1 min of washing with 0.5 mM cysteine (1.5 x 10-4 mol Lcell
-1). Longer wash times 

up to 1 hour did not change this value, indicating that the adsorbed Ag+ was removed and 

that the Ag-cysteine complex was not taken up by the cell. In the case of the AgNP 

treatment, a high fraction of silver (> 95%) was removed by the first centrifugation and 

resuspension cycle, and a constant silver content between 6.4 x 10-4 and 1.5 x 10-4 mol 

Lcell
-1 (approximately 3% of the total silver content of 8.7 x 10-3 mol Lcell

-1) was measured 

with increasing number of subsequent wash cycles. Similar results were observed for the 

wild type (Supporting Information, Figure S3.2 and Table S3.2). 

According to these results and based on the time optimization of the wash 

procedure, a 5 min cysteine wash and 3 subsequent resuspension cycles followed by a     

5 min cysteine wash were selected as optimal for the determination of the intracellular 

silver content ({Ag}in) in the accumulation experiments upon exposure to AgNO3 and 

AgNP, respectively. 
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FIGURE 3.1. Intracellular silver content (■) in the mutant of C. reinhardtii after 1 hour exposure to 30 nM 
AgNO3 (A) and 1 µM AgNP (B) in 10 mM MOPS, at pH 7.5. Adsorbed AgNO3 was removed by washing 
the algae for 1 to 60 min with 0.5 mM cysteine (A). Sorbed AgNP were removed by resuspending 1 to 5 
times the algae in fresh 10 mM MOPS and finally washing them for 5 min with 0.5 mM cysteine (B). The 
red circles (●) represent the total silver content. 
 

3.4.3 Accumulation experiments 
The {Ag}in upon exposure to AgNO3 and AgNP increased over time in both strains 

(Figure 3.2). In the case of AgNO3, a fast uptake was observed in the first 10 min of 

exposure, and a steady-state was reached after 20 min in the mutant and after 60 min in 

the wild type. Maximal values of 3.5 x 10-4 and 3.2 x 10-4 mol Lcell
-1 were measured in 

wild type and mutant after 1 hour of exposure to 500 and 100 nM AgNO3, respectively. 

In contrast, the {Ag}in upon AgNP exposure followed a slow linear increase over time in 

the wild type and reached a constant value within 10 min in the mutant. At each time 

point, higher accumulation was observed upon exposure to 2 µM, as compared to 5 µM 

AgNP in the mutant. 
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FIGURE 3.2. Intracellular silver content in wild type (A, C) and mutant (B, D) upon exposure to various 
concentrations of AgNO3 (A, B) and AgNP (C, D) over time. 
 

According to the concentration dependence of the intracellular silver accumulation 

(Figure 3.3A and B), higher {Ag}in was measured in both strains with increasing AgNO3 

concentrations in the exposure media, and a linear relationship was evident (R2 between 

0.83 and 0.99). In the case of the AgNP treatment (Figure 3.3C and D), the {Ag}in 

showed a nonlinear increase that approached a maximum with increasing particle 

concentration in the exposure media. Above 2 and 5 µM AgNP, a constant accumulation 

level around 4.0 x 10-4 and 1.2 x 10-3 mol Lcell
-1 was measured in the wild type and in the 

mutant, respectively. 
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FIGURE 3.3. Intracellular silver content in wild type (A, C) and mutant (B, D) as a function of the 
exposure AgNO3 (A, B) and AgNP (C, D) concentrations measured after various exposure times. 
 

Based on the exposure to similar total silver concentrations, higher {Ag}in was 

measured upon exposure to AgNO3 compared with AgNP. A higher accumulation was 

observed in the wild type after 60 min of exposure to 0.5 µM AgNO3 (3.5 x 10-4 mol  

Lcell
-1) compared with the exposure to 0.5 and 2 µM AgNP (4.1 x 10-5 and 1.1 x 10-4 mol 

Lcell
-1, respectively). Higher values were also measured for 50 and 100 nM AgNO3      

(6.6 x 10-5 and 8.3 x 10-5 mol Lcell
-1, respectively) in comparison to 0.5 µM AgNP. 

Similar trends were found in exposure experiments using the mutant, where a higher 

value was measured upon exposure to 100 nM AgNO3 (3.2 x 10-4 mol Lcell
-1) in 

comparison to 500 nM AgNP (2.1 x 10-4 mol Lcell
-1). 

The dissolved Ag+ concentration in the AgNP solution was measured as 1% of the 

total silver mass (NAVARRO et al., 2008b). Consequently, a comparison between the 

different treatments after 1 hour of exposure was performed as a function of Ag+ (Figure 

3.4). The {Ag}in increased with increasing Ag+ concentration in the exposure media in 
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both strains, and 4 to 8 and 8 to 18 times higher values were measured in wild type and 

mutant upon exposure to AgNP compared to AgNO3, respectively. 

 

 
FIGURE 3.4. Intracellular silver content in wild type (● and ▲) and mutant (■ and ▼) after 1 h exposure 
to AgNO3 (● and ■) and AgNP (▲ and ▼) as a function of the dissolved silver (Ag+) in the exposure 
media. 
 

In comparing the two strains, higher {Ag}in was always measured in the mutant 

upon exposure to the same AgNP and AgNO3 concentration. After 1 hour of exposure to 

100 nM AgNO3, the {Ag}in was to 8.3 x 10-5 for the wild type and 3.2 x 10-4 mol Lcell
-1 

for the mutant. The same trend was observed for the exposure to 5 µM AgNP, where the 

accumulation reached values of 5.4 x 10-4 and 1.1 x 10-3 mol Lcell
-1 for the wild type and 

the mutant, respectively. 

3.4.4 Uptake models and kinetics 
The uptake and release rates estimated using the data on the {Ag}in over time upon 

exposure to AgNO3 (Figure 3.2) are shown in Table 3.1A. According to the R2 (between 

0.77 and 0.98), the selected uptake model described the experimental data well. Values of 

k1 between 26 and 70 L Lcell
-1 min-1 were calculated for the wild type. Significantly 

higher uptake rates were found for the mutant under the same exposure conditions, with 

k1 values ranging from 200 to 449 L Lcell
-1 min-1. Similar difference between the two 

strains was observed for the uptake rates expressed on the basis of L m-2 min-1. The 

estimated release rates k-1 were always much lower compared to the correspondent 

uptake rates (k1, L Lcell
-1 min-1), and slightly higher values were observed for the mutant 

(approximately 0.1 min-1) compared to the wild type (approximately 0.05 min-1). High 
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BCF (k1 k-1
-1) were estimated, up to 3321 for the mutant and 1659 L Lcell

-1 for the wild 

type. Based on the ratio between the measured intracellular silver steady-state 

concentrations and the exposure concentration, similar values (BCF*) up to 3483 and 

1551 L Lcell
-1 were calculated for the mutant and the wild type, respectively. 

The maximal velocity, maximal flux, and Michaelis-Menten constant Km (Table 

3.1B) were calculated using the modeled uptake parameters presented in Table 3.1A (the 

corresponding linearization is reported in Figure S3.3, Supporting Information). The 

calculated Vmax, Jmax and Km for the wild type were 8.3 x 10-6 mol Lcell
-1 min-1, 8.0 x 10-9 

mol m-2 min-1, and 1.0 x 10-7 mol L-1, respectively. For the mutant, 2.8 and 3.7 times 

higher maximal velocity and flux were found, respectively. The calculated Km value was 

1.9 times lower for the mutant. The {Ag}in upon exposure to AgNP could not be 

described by the proposed uptake models and the Michaelis-Menten kinetics. 

 
TABLE 3.1A. Estimated uptake rates k1 (L Lcell

-1 min-1 and L m-2 min-1), release rates k-1 (min-1), 
bioconcentration factors based on kinetics data (BCF, L Lcell

-1), and bioconcentration factors calculated 
according to the internal steady-state silver concentration (BCF* = {Ag}in [Ag]out

-1, L Lcell
-1) in the wild 

type and in the mutant as a function of exposure concentrations of AgNO3. 
 

Exposure Algae k1  

(L Lcell
-1 min-1) 

k1 

(L m-2 min-1) 

k-1 

(min-1) 

BCF 

(L Lcell
-1) 

R2 BCF* 

(L Lcell
-1) 

20 nM AgNO3 wild type 70 ± 36 0.07 ± 0.04 0.04 ± 0.02 1659 ± 1170 0.90 1551 

50 nM AgNO3 wild type 61 ± 15 0.06 ± 0.01 0.04 ± 0.01 1431 ± 465 0.98 1315 

100 nM AgNO3 wild type 26 ± 12 0.03 ± 0.01 0.02 ± 0.01 1103 ± 688 0.97 833 

500 nM AgNO3 wild type 46 ± 18 0.05 ± 0.02 0.07 ± 0.03 681 ± 377 0.90 692 

20 nM AgNO3 mutant 449 ± 92 0.31 ± 0.06 0.14 ± 0.03 3321 ± 949 0.88 3483 

50 nM AgNO3 mutant 250 ± 38 0.17 ± 0.03 0.10 ± 0.01 2550 ± 530 0.96 2651 

75 nM AgNO3 mutant 200 ± 70 0.14 ± 0.05 0.08 ± 0.03 2511 ± 1210 0.82 2822 

100 nM AgNO3 mutant 378 ± 111 0.26 ± 0.08 0.13 ± 0.04 3029 ± 1237 0.77 3189 

 
 
TABLE 3.1B. Maximal velocity (mol Lcell

-1 min-1), maximal flux (mol m-2 min-1) and Michaelis-Menten 
constant Km (mol L-1) estimated on the basis of AgNO3 accumulation data. 
 

Algae Vmax (mol Lcell
-1 min-1) Jmax (mol m-2 min-1) Km (mol L-1) R2 

wild type 8.3 x 10-6 ± 6.7 x 10-6 8.0 x 10-9 ± 6.5 x 10-9 1.0 x 10-7 ± 0.3 x 10-7 0.85 

mutant 3.1 x 10-5 ± 1.8 x 10-5 2.2 x 10-8 ± 1.3 x 10-8 5.2 x 10-8 ± 2.1 x 10-8 0.76 
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3.5 Discussion 
The intracellular silver accumulation was systematically investigated in the wild 

type and in the cell wall free mutant of C. reinhardtii upon exposure to AgNO3 and 

AgNP. The use of 0.5 and 1 mM cysteine was used as a ligand in the wash procedure to 

discriminate between total and intracellular silver content ({Ag}in) in the mutant and in 

the wild type, respectively. According to the results (Figure 3.1A, and S3.2 in Supporting 

Information), the Ag+ adsorbed on the cell wall and cell membrane was washed by 

complexation with cysteine, and silver-cysteine complexes were not taken up in either 

strain during the cysteine wash for up to 1 hour. 

In the case of the AgNP exposure, the proposed wash procedure (Figure 3.1B, and 

Table S3.2 in Supporting Information) removed more than 95% of the silver from the cell 

surface. This result can be explained by the weak electrostatic interaction between the 

negatively charged AgNP (ZP approached to zero only for the highly diluted AgNP 

concentration) and the negatively charged algal cell surface. According to simple AgNP 

sorption and removal modeling (Supporting Information, Table S3.3A), under the 

considered exposure conditions (0.5 to 10 µM AgNP) a maximal number of nanoparticles 

between 13 to 2134 was calculated to be available to each algal cell. Based on the 

measured total silver accumulation, only between 5 and 302 AgNP were calculated as 

being sorbed on the surface of each cell, representing between 14 to 34% of the maximal 

number of available AgNP per cell. After the wash procedure, the number of sorbed 

AgNP per cell decreased to a value between 0 and 12, and the number of removed AgNP 

corresponded to a AgNP concentration between 0.17 and 1.4 µM. The calculated sorbed 

AgNP were enough to cover only 0.03 to 0.46% of the algal surface (Supporting 

Information, Table S3.3B). To cover 100% of the cells with nanoparticles, higher AgNP 

exposure concentrations between 40 µM and 3 mM would be needed, based on the AgNP 

size (Supporting Information, Table S3.3C). Consequently, only few particles were 

sorbed on the algal cell surface after the wash procedure, providing a first indication of 

low bioavailability of the AgNP to C. reinhardtii under the considered exposure 

conditions. 

The intracellular silver accumulation upon exposure to AgNO3 was observed to be 

very high in both strains under all considered exposure conditions, following a time 
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dependent increase that rose to a steady-state concentration (Figure 3.2A and B). The 

maximal accumulation reached in the wild type after 1 hour of exposure to AgNO3 can be 

interpreted as saturation of the membrane transporter. For the mutant, the time needed to 

reach this steady-state was shorter (20 min). Relative to other studies, the {Ag}in 

measured in the wild type up to 60 min of exposure to 20 nM AgNO3 (0.005 to 0.03 µmol 

m-2) is 50 times lower compared to the values reported by Fortin and Campbell (2000) for 

the same alga exposed up to 60 min to 10 nM Ag+ (0.3 to 1.5 µmol m-2). This difference 

can be explained by the 100 times lower cell density used by Fortin and Campbell          

(1 x 104 cell mL-1), and indicates that the effect of the cell density on the intracellular 

metal accumulation has to be carefully considered (Supporting Information, Figure S3.1 

(FRANKLIN et al., 2002)) The experimental data were also well described by the uptake 

model, which considers a simultaneous silver uptake and release. The estimated high 

uptake rates and maximal uptake velocity and flux (Table 3.1) confirmed that the Ag+ 

uptake is a fast process in C. reinhardtii, as already reported by Fortin and Campbell 

(2000). For comparison, 6 times higher maximal flux was observed by Fortin and 

Campbell (2000) for the wild type in comparison to this study (4.8 x 10-8 and 8.0 x 10-9 

mol m-2 min-1, respectively). The estimated bioconcentration factors calculated using the 

two different approaches (BCF and BCF*) were very high and similar (> 103 L Lcell
-1), 

confirming that steady-state equilibrium was reached under the considered conditions. 

Upon comparison with other studies investigating intracellular bioaccumulation 

considering silver speciation, higher BCF can be derived from Fortin and Campbell 

(2000) for the same organism (between 104 and 105 L Lcell
-1). The high affinity transport 

system for Ag+ in C. reinhardtii was confirmed by the calculated Km (1 x 10-7 mol L-1 for 

the wild type and 5.2 x 10-8 mol L-1 for the mutant). Additionally, a linear relationship 

between the Ag+ concentration in the exposure media and the {Ag}in was determined 

(Figure 3.3A and B), confirming that the silver uptake was proportional to the Ag+ 

concentration in the media. This finding suggests that the influence of the algal exudates 

on the silver speciation was negligible for the considered exposure time. 

In the case of the AgNP exposure, the almost constant {Ag}in measured over time 

(Figure 3.2C and D) suggested that steady-state concentration was reached very quickly 

(less than 10 min). Based on total silver mass, a much lower {Ag}in was measured upon 
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exposure to AgNP compared to AgNO3, confirming the limited bioavailability of AgNP 

relative to Ag+. According to the measured {Ag}in (Figure 3.3C and D, and Figure 3.4), 

the silver uptake was neither linearly proportional to the AgNP nor to the estimated Ag+ 

concentration, suggesting that further processes affect the bioavailability of silver in the 

exposure media. Upon comparison between the AgNP and AgNO3 treatments as a 

function of Ag+ concentrations (Figure 3.4), a 4 to 8 (wild type) and 8 to 18 (mutant) 

times increase in {Ag}in was measured for the AgNP compared to AgNO3. These 

differences were calculated to correspond with a maximal accumulation of 2 to 10 

particles per cell, or to a 0.4 to 2.1% increased Ag+ dissolution from the AgNP upon 

exposure (Supporting Information, Table S3.3D). This calculation suggests that Ag+ is 

released from the AgNP surface during exposure, and that a limited number of AgNP are 

bioavailable to C. reinhardtii, which are internalized or strongly sorbed on the cell 

surface. 

Comparison between {Ag}in in the wild type and in the mutant showed estimated 

uptake rates and bioconcentration factors for AgNO3 to be significantly higher in the 

mutant. Consequently, a limitation of the Ag+ internalization due to a silver complexation 

on the cell wall surface and to a lower Ag+ diffusion through the cell wall may explain 

such results. The longer time required for the wild type to reach the steady-state 

concentration confirms this hypothesis. Additionally, the similar low number of 

accumulated AgNP calculated for the mutant indicated that the internalization of AgNP 

across the cell membrane is also limited. However, the investigation of the AgNP 

bioavailability to C. reinhardtii upon long-term exposure and to other algae with a 

different type of cell wall is further required. 
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3.8 Supporting information 
 

 
FIGURE S3.1. Influence of cell density (4.5 x 105 and 1 x 106 cells mL-1) on intracellular silver 
accumulation in wild type upon exposure to 100 nM AgNO3 after 1 (●), 20 (■) and 60 (▲) min. 
 
 
 
 
 

 
FIGURE S3.2. Time-dependence of wash with 1 mM DDC (■) and 1 mM EDTA (▲) (A, cell density = 
4.5 x 105 cells mL-1), and with 1 mM cysteine (▼) (B, cell density = 7 x 105 cells mL-1) in removing the 
adsorbed Ag+ from Chlamydomonas reinhardtii (wild type) surface after 1 hour of exposure to 100 nM 
AgNO3. The red circles (●) represent the total silver content. 
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TABLE S3.1. Silver-cysteine (AgCysH and Ag(CysH)2) stability constants were calculated from Adams 
and Kramer,(ADAMS and KRAMER, 1999) after J. Kramer (personal communication, 2007). Formation 
constants reported by Adams and Kramer were obtained by potentiometric titration of cysteine under 
constant temperature, ionic strength and pH (4 to 8), and derived as first and second order silver formation 
constant. 
 

Reaction Log K Reference 
Ag+ + CysH- ↔ AgCysH 11.9 (ADAMS and KRAMER, 1999) 
Cys2- + H+ ↔ CysH- 10.8 (MARTELL and SMITH, 2001) 
Ag+ + Cys2- + H+ ↔ AgCysH 22.7  
Ag+ + 2 CysH- ↔ Ag(CysH)2

- 15.2 (ADAMS and KRAMER, 1999) 
2 Cys2- + 2 H+ ↔ 2 CysH- 21.6 (MARTELL and SMITH, 2001) 
Ag+ + 2 Cys2- + 2 H+ ↔ Ag(CysH)2

- 36.8  
 
Adams, N. W. H.; Kramer, J. R., Potentiometric determination of silver thiolate 

formation constants using a Ag2S electrode. Aquatic Geochemistry 1999, 5 (1), 1-
11. 

Martell, A. E.; Smith, R. M., NIST Standard Reference Database 46. 2001. 
 
 
 
 
 
TABLE S3.2. AgNP wash efficiency in the wild type. Total and intracellular (after 3 subsequent wash 
cycles) silver contents after 1 hour of exposure to various AgNP concentrations were reported. 
 

Exposure Total silver (mol Lcell
-1) Intracellular silver (mol Lcell

-1, % of total) 
0.5 µM 1.7 x 10-3 4.1 x 10-5 (2.4%) 
2 µM 4.5 x 10-3 1.1 x 10-4 (2.4%) 
5 µM 1.3 x 10-2 5.4 x 10-4 (4.2%) 
10 µM 1.4 x 10-2 4.5 x 10-4 (3.2%) 

 
 
 
 
 

 
FIGURE S3.3. Michaelis-Menten Kinetics for AgNO3 accumulation. 
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TABLE S3.3A. Modeling of the maximal number of AgNP available per each algal cell (based on the 
AgNP exposure concentration CAgNP and diameter dAgNP), and of the number of AgNP sorbed on the algal 
cell surface after the wash procedure (CC-125 = wild type, CC-400 = mutant). The sorbed silver (S) is 
calculated by subtraction of the intracellular silver (I) from the total silver (T) measured for a given AgNP 
exposure concentration. VAgNP and MAgNP represent the volume and the mass of a single nanoparticle, 
respectively. Considered constants include cell volume (Vcell = 100 fL for the wild type and 37 fL for the 
mutant), exposure cell density (Dcell = 1 x 109 cells L-1), silver density (ρAg = 10.49 g cm-3), and silver mass 
(MAg = 107.8682 g mol-1). 
 

Alga 
 
 

CAgNP 
(µM) 

 

dAgNP 
(nm) 

 

max nr° 
of AgNP 
per cell 

T 
(mol 

Lcell
-1) 

T 
(AgNP 
cell-1) 

I 
(mol 

Lcell
-1) 

I 
(AgNP 
cell-1) 

S 
(mol 

Lcell
-1) 

S 
(AgNP 
cell-1) 

S 
(mol 
L-1) 

S 
(as % of 
CAgNP) 

CC-125 0.5 90 13 1.7E-03 5 4.1E-05 0 1.7E-03 5 1.7E-07 34 
CC-400 1 90 27 8.7E-03 9 2.8E-04 0 8.4E-03 8 3.1E-07 31 
CC-125 2 45 427 4.5E-03 97 1.1E-04 2 4.4E-03 95 4.4E-07 22 
CC-125 5 45 1067 1.3E-02 280 5.4E-04 12 1.2E-02 269 1.2E-06 25 
CC-125 10 45 2134 1.4E-02 302 4.5E-04 10 1.4E-02 292 1.4E-06 14 
 
Used equations include: 
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TABLE S3.3B. Modeling of the % coverage of the algal cell surface, based on the maximal number of 
AgNP available per each cell, and on the calculated number of total (T) and sorbed (S) AgNP per cell after 
the wash procedure (Table S3A, CC-125 = wild type, CC-400 = mutant). AAgNP represent the area at the 
maximal circle of a single nanoparticle. Considered constants include cell surface (Acell = 104 µm2 for the 
wild type and 55 µm2 for the mutant). 
 

Alga 
 
 

CAgNP 
(µM) 

 

dAgNP 
(nm) 

 

max nr° of 
AgNP per cell 

 

max % of 
coverage 

 

T 
(AgNP cell-1) 

 

T 
(% of 

coverage) 

S 
(AgNP cell-1) 

 

S 
(% of 

coverage) 
CC-125 0.5 90 13 0.08 5 0.03 5 0.03 
CC-400 1 90 27 0.31 9 0.10 8 0.10 
CC-125 2 45 427 0.65 97 0.15 95 0.14 
CC-125 5 45 1067 1.63 280 0.43 269 0.41 
CC-125 10 45 2134 3.26 302 0.46 292 0.45 
 
Used equations include: 
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TABLE S3.3C. Modeling of the AgNP concentration needed to cover 100% of the algal cell surface Acell 
as a function of the AgNP diameter dAgNP (CC-125 = wild type, CC-400 = mutant). AAgNP, VAgNP and MAgNP 
represent the area at the maximal circle, the volume and the mass of a single nanoparticle, respectively. The 
maximal number of AgNP on a single cell is calculated dividing the algal cell surface by the maximal area 
of a single AgNP. Considered constants include silver density (ρAg = 10.49 g cm-3), cell surface (Acell = 104 
µm2 for the wild type, and 55 µm2 for the mutant), exposure cell density (Dcell = 1 x 109 cells L-1), and 
silver mass (Mag = 107.8682 g mol-1). 
 

Alga dAgNP (nm) AAgNP (m2) MAgNP (g) mol AgNP L-1 
CC-125 10 7.9E-17 5.5E-18 6.7E-05 
CC-400 10 7.9E-17 5.5E-18 3.6E-05 
CC-125 29 6.6E-16 1.3E-16 2.0E-04 
CC-400 29 6.6E-16 1.3E-16 1.0E-04 
CC-125 45 1.6E-15 5.0E-16 3.0E-04 
CC-400 45 1.6E-15 5.0E-16 1.6E-04 
CC-125 90 6.4E-15 4.0E-15 6.1E-04 
CC-400 90 6.4E-15 4.0E-15 3.2E-04 
CC-125 436 1.5E-13 4.6E-13 2.9E-03 
CC-400 436 1.5E-13 4.6E-13 1.6E-03 

 
Used equations include: 
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TABLE S3.3D. Modeling of the accumulated intracellular silver (I) upon exposure to AgNP in comparison 
to AgNO3 as a function of Ag+, expressed as a possible maximal number of accumulated AgNP and as an 
increased Ag+ dissolution upon exposure. For the calculation, a nanoparticles diameter dAgNP of 45 nm is 
assumed. VAgNP and MAgNP represent the volume and the mass of a single nanoparticle, respectively. 
Considered constants include cell volume (Vcell = 100 fL for the wild type and 37 fL for the mutant), 
exposure cell density (Dcell = 1 x 109 cells L-1), silver density (ρAg = 10.49 g cm-3), and silver mass (MAg = 
107.8682 g mol-1). 
 

Alga 
 
 
 

CAgNO3 
(nM) 

 
 

CAgNP 
(µM) 

 
 

max nr° 
of AgNP 
per cell 

 

I for AgNP 
(mol Lcell

-1) 
 
 

I for AgNO3 
(mol Lcell

-1) 
 
 

Difference 
(mol Lcell

-1) 
 
 

Difference 
(nr° AgNP 

cell-1) 
 

Difference as 
% 

of increased 
dissolution 

CC-125 20 2 427 1.11E-04 3.10E-05 8.01E-05 1.7 0.4 
CC-400 20 2 427 1.23E-03 6.97E-05 1.16E-03 9.3 2.1 
CC-125 50 5 1067 5.43E-04 6.57E-05 4.78E-04 10.3 1.0 
CC-400 50 5 1067 1.11E-03 1.33E-04 9.80E-04 7.8 0.7 
CC-125 100 10 2134 4.50E-04 8.33E-05 3.67E-04 7.9 0.4 
 
Used equations include: 
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4.1 Abstract 
The effects of carbonate-coated silver nanoparticles (AgNP, 0.1-500 µM, average 

diameter 29 nm) and silver nitrate (0.01-10 µM) on photosynthesis, intracellular esterase 

activity, and membrane integrity of the wild type and a cell wall free mutant of the green 

alga Chlamydomonas reinhardtii were investigated (pH 7.5). The role of the free silver 

ions (Ag+) was explored by comparing both treatments as a function of Ag+ and by 

examining the AgNP effects in the presence of a silver complexing agent. For all 

considered endpoints, results indicate that AgNP toxicity was mediated by Ag+ ions. 

Additionally, the higher sensitivity of photosynthesis (EC50 after 1 hour = 18-37 nM Ag+) 

compared to the other endpoints (EC50 after 1 hour = 157-645 nM Ag+) suggested a 

specific Ag+ effect on photosystem II. The mutant showed greater sensitivity than the 

wild type to AgNP and AgNO3 as a function of silver concentrations during exposure, but 

displayed a comparable sensitivity with respect to photosynthesis as a function of the 

intracellular silver concentrations (EC50 after 1 hour = 10-4 mol Ag Lcell
-1). Consequently, 

the higher sensitivity of the mutant could be explained by the faster silver uptake kinetics 

in the absence of the cell wall as a protecting barrier. These results indicate the low AgNP 

bioavailability to C. reinhardtii. 

4.2 Introduction 
The interaction of engineered silver nanoparticles (AgNP) with aquatic organisms, 

in particular algae, is a key aspect in nanoecotoxicology (NAVARRO et al., 2008a). Due to 

increasing production and incorporation of AgNP in consumer products (WOODROW 

WILSON INTERNATIONAL CENTER FOR SCHOLARS), the release of AgNP into the aquatic 

environment and their impact on aquatic life are expected to increase. For Swiss surface 

waters, AgNP concentrations between 0.72 and 80 ng L-1 were predicted (MUELLER and 

NOWACK, 2008; GOTTSCHALK et al., 2010). However, due to the absence of regulations 

on the production, use, and disposal of AgNP, this value could likely increase in the 

future. Consequently, the impact of AgNP concentration on aquatic organisms in the 

nanograms per liter range, and even higher, must be carefully evaluated. 

A crucial aspect in the ecotoxicology of AgNP is the determination of which form 

of silver is relevant in the interaction with the organisms, as well as the investigation of 

their specific effects. According to recent studies on the release of AgNP from consumer 
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products (BENN and WESTERHOFF, 2008; GERANIO et al., 2009; KAEGI et al., 2010) and 

on the colloidal stability of AgNP under natural freshwater conditions (CHINNAPONGSE et 

al., 2011; PICCAPIETRA et al., 2012b), aquatic organisms might be exposed to discrete 

single AgNP, agglomerated AgNP, silver colloids, silver complexes as silver sulfides, 

and Ag+ released from AgNP surfaces. 

According to the recent ecotoxicological studies (NAVARRO et al., 2008b; MIAO et 

al., 2009; WIJNHOVEN et al., 2009; TURNER et al., 2012), AgNP toxicity to algae is 

expected to be mainly mediated by the release of silver ions (Ag+) from the particle 

surface. Consequently, AgNP can be considered as a source of toxic Ag+, which are 

adsorbed to particle surfaces or formed upon oxidative dissolution in presence of oxygen, 

ligands, or organisms (NAVARRO et al., 2008b; LIU and HURT, 2010; LIU et al., 2010; XIU 

et al., 2011). In the specific case of the alga Chlamydomonas reinhardtii, AgNP have 

been shown to have limited bioavailability, based on comparative uptake studies with 

AgNP and AgNO3 (PICCAPIETRA et al., 2012a). Low internalization of AgNP in the same 

alga was also observed in an electron microscopy study (BEHRA et al., 2012). Concerning 

the role of the cell wall, Ag+ uptake was observed to be lower in the wild type of C. 

reinhardtii compared to the cell wall free mutant (PICCAPIETRA et al., 2012a). 

Additionally, due to the similarly low AgNP bioavailability in both strains, the cell 

membrane was also suggested as a barrier for the internalization of AgNP (PICCAPIETRA 

et al., 2012a). 

Concerning the toxicity of AgNP, studies with bacteria have proposed various 

mechanisms of toxicity, including the induction of oxidative stress and interactions with 

the cell membrane (KLAINE et al., 2008; LUOMA, 2008; WIJNHOVEN et al., 2009; 

MARAMBIO-JONES and HOEK, 2010). In case of algae, the few available studies have so 

far investigated effects of AgNP on growth and photosynthetic activity (NAVARRO et al., 

2008b; MIAO et al., 2009; TURNER et al., 2012). Thus, for further evaluation of AgNP and 

Ag+ toxicity, additional structural and functional cellular endpoints should be explored. 

This work aims to investigate the effects of carbonate-coated AgNP and AgNO3 on 

specific cellular endpoints in the alga C. reinhardtii, including photosynthesis, 

intracellular esterase activity, and membrane integrity. Additionally, in order to evaluate 

the role of the cell wall, similar experiments were performed using both the wild type and 
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a cell wall free mutant of the alga. To discern between direct AgNP effect and indirect 

effect mediated by the Ag+, experiments were carried out also in presence of cysteine 

used as a silver ligand (NAVARRO et al., 2008b; MIAO et al., 2009). In the case of 

photosynthesis, effects assessed to the mutant in this study and to the wild type by 

Navarro et al. (2008b) were related to the intracellular silver concentration investigated 

by Piccapietra et al. (2012a). 

4.3 Materials and methods 

4.3.1 Materials 
Experiments were performed with an aqueous suspension of AgNP (NanoSys 

GmbH, Wolfhalden, Switzerland; 1 g L-1, 9.27 mM), that was previously used and 

characterized by Piccapietra et al. (2012a; 2012b) and Navarro et al. (2008b). Duo to its 

negligible toxic effect to algae, carbonate was chosen as a particle coating. The Ag+ 

concentration in the AgNP suspension was measured as 1% of the total silver mass 

(NAVARRO et al., 2008b). In this study, the AgNP concentrations are expressed as the 

molarity of the total silver mass. 

All indispensable nutrients and trace metals of the algal growth medium Talaquil 

and their final concentrations were reported in previous studies (SCHEIDEGGER et al., 

2011). Other chemicals including AgNO3, L-cysteine, and MOPS (3-morpholine 

propanesulfonic acid) were purchased from Sigma-Aldrich (purissimum grade; Buchs 

SG, Switzerland), and their concentrated stock solutions (10 mM AgNO3, 0.1 M MOPS 

buffer at pH 7.5) were prepared in deionized nanopure water (16-18 MΩ cm-1; Barnstead 

Nanopure Skan Ag, Basel-Allschwil, Switzerland). To prevent redox reactions, and 

minimize adsorption and loss of chemical, working solutions of AgNO3, AgNP, MOPS 

(10 mM) and cysteine were freshly prepared in deionized nanopure water prior to use and 

kept in the dark (only for silver solutions). Additionally, oxidation of cysteine was 

avoided by storing of the solution in ice. 

To avoid metal and biological contaminations, all experimental materials were 

soaked at least for 24 hours in 0.03 M HNO3, and then well rinsed with deionized 

nanopure water, and media used for the algal growth were autoclaved prior to use. 
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4.3.2 Nanoparticle characterization 
As reported in previous studies (PICCAPIETRA et al., 2012a; PICCAPIETRA et al., 

2012b), dynamic light scattering (DLS) and electrophoretic mobility measurements by 

Zetasizer (Nano ZS, Malvern Instruments) were performed to analyze the Z-average size 

and average zeta potential (ZP) of the AgNP. 

4.3.3 Algal culture 
Experiment were performed with the wild type (CC-125 137c mt+) and a cell wall 

free mutant (CC-400 cw15 mt+) of Chlamydomonas reinhardtii. Both strains were 

purchased from the Chlamydomonas Genetics Center (Duke University, Durham, USA), 

and were cultured axenically in Talaquil as previously described (pH 7.5, 25°C, 90 rpm, 

120 µE m-2 s-1) (SCHEIDEGGER et al., 2011). To reach the optimal growing conditions, 

algae were grown at least for three subsequent subcultures before each experiment. Fresh 

cultures were prepared with inocula of the pre-culture after centrifugation to remove the 

old media (10 min, 1500 rpm and 25 °C for the mutant, and 10 min, 3000 rpm and 25 °C 

for the wild type). The number of algal cells per mL was measured by an electronic 

particle counter (aperture 50 µm; Z2 Coulter Counter; Beckman Coulter, Fullerton, CA, 

USA). 

4.3.4 Exposure media and conditions 
All experiments were performed in the nutrient free 10 mM MOPS buffer at pH 

7.5. In this exposure media, complexation of Ag+ by MOPS was considered negligible. 

Consequently, final Ag+ concentrations in the solution were the same as the total added 

AgNO3, or as the originally dissolved Ag+ in the case of AgNP. To minimize the 

interaction of silver with algal exudates and due to the lack of nutrients, only short-term 

exposure up to 2 hours were performed in 10 mM MOPS. 

AgNP and AgNO3 exposures were performed using exponentially growing algae 

and under constant conditions (pH 7.5, 25°C, 90 rpm, 120 µE m-2 s-1). The start algal cell 

density (2 x 105 cells mL-1) was the same in all experiments and as used in previous study 

(NAVARRO et al., 2008b). Thus, cell density dependent effects were avoided (FRANKLIN 

et al., 2002). The errors bars presented in the figures represent the standard deviation of   

1 to 3 independent experimental replicates. 
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4.3.5 Photosynthetic yield 
Exponentially growing mutant algae were exposed to 10-500 nM AgNO3, and    

0.1-50 µM AgNP. After 1 and 2 hours of exposure, algal aliquots were taken and the 

photosynthetic yield of their photosystem II (MAXWELL and JOHNSON, 2000) was 

measured fluorometrically by Phytoplankton Analyzer PHYTO-PAM (Heinz Walz 

GmbH, Effeltrich, Germany), using the Optical Unit ED-101US/MP. The photosynthetic 

yield of exposed algae was calculated as percent of control cells (100% photosynthetic 

yield). 

To discern between the AgNP and Ag+ effect, cysteine (high affinity to silver) 

(OGDEN and KRAMER, 2003) was used to complex the Ag+ in the media prior to algal 

exposure (NAVARRO et al., 2008b). The photosynthetic yield of algae exposed to 100 nM 

AgNO3 and 5 µM AgNP (with about 50 nM dissolved Ag+) was measured after 1 hour in 

the presence or absence of 500 nM cysteine (in excess compared to Ag+). 

4.3.6 Intracellular esterase activity and membrane integrity 
Mutant and wild type algal cells (exponentially growing) were exposed to AgNP 

(1-500 µM) and AgNO3 (10-10000 nM). After 1 hour of exposure, their intracellular 

esterase activity and membrane integrity were measured. Mutant and wild type cells 

heated at 80°C for 10 min were analyzed as positive control of cells with damaged cell 

membrane and inhibited esterase activity. Both esterase activity and membrane integrity 

of exposed algae were calculated as percent of control cells. Similar as for the analysis of 

the photosynthetic yield, additional experiments were carried out in presence of cysteine. 

Thus, the intracellular esterase activity and membrane integrity of algal cells exposed to  

1 µM AgNO3 and 100 µM were also measured in presence of 10 µM cysteine. 

The intracellular esterase activity was measured using 5-carboxyfluorescein 

diacetate, acetoxymethyl ester (5-CFDA, AM; M = 532.46 g mol-1) as fluorescent 

reporter dye and flow cytometry (FCM, Partec PAS III, Partec GmbH, Muenster, 

Germany) as detection method. According to Molecular Probes, cells are permeable to   

5-CFDA, AM, which exhibits green fluorescence only after hydrolysis by intracellular 

esterases. This molecule has a maximal absorption at 492 nm and a maximal emission at 

517 nm (MOLECULAR PROBES). Thus, it is optimally excited by a blue laser (488 nm) and 

its fluorescence can be easily observed in the green wavelength range. The 5-CFDA, AM 
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stock solution was prepared in 100% DMSO. After being exposed, cells were stained for 

5 min with 1-10 µM 5-CFDA, AM (final DMSO concentration: 0.01-0.1%), and their 

green fluorescence was detected by FCM. The DMSO concentration was kept below 1% 

because of its negative effect on the size of the mutant cells (Supporting Information, 

Figure S4.1). 

The membrane integrity was detected by SYTOX green (M ≈ 600 g mol-1). Cells 

with intact membrane are not permeable to this fluorescent dye. Only after entering into 

cells through damaged membrane, it bound to DNA, consequently exhibiting a green 

fluorescence (MOLECULAR PROBES). This fluorescent dye has maximal absorption at   

504 nm and maximal emission at 523 nm. After excitation with a blue laser (488 nm), it 

exhibits a green fluorescence. The stock solution was prepared in 100% DMSO. Exposed 

cells were stained with 1-10 nM SYTOX green (final DMSO concentration: 0.01-01%) 

for 5 min. The green fluorescence was subsequently detected by FCM. 

The performed FCM measurements allowed the quantification at the same time of 4 

different parameters for the each algal cell (Supporting Information, Figure S4.2). Size 

and granularity (describe internal morphology and structure complexity) of the cells were 

detected by forward scattered light (FSC) and side scattered light (SSC), respectively. 

Additionally, a fluorescence detector recorded cellular green (FL1) and red (FL3) 

fluorescence. Information were obtained for individual cells in one sample. The 

evaluation of the effects on esterase activity and membrane integrity was performed by 

plotting the green fluorescence (FL1) of all cells in a sample as a function of their size 

(FSC). For all measurements, the trigger was set on the FSC. 

4.3.7 Effects as a function of intracellular silver content 
The intracellular silver accumulation upon exposure to carbonate-coated AgNP and 

AgNO3 was investigated in the wild type and in the cell wall free mutant of C. reinhardtii 

by Piccapietra et al. (2012a). According to the reported silver uptake (PICCAPIETRA et al., 

2012a), the intracellular silver content was modeled as a linear increase as a function of 

various AgNO3 exposure concentrations (20, 50, 100, and 500 nM for the wild type, and 

20, 50, 75, and 100 nM for the mutant) by a linear regression model (Supporting 

Information, Table S4.1). The model well fitted the experimental data (Supporting 

Information, Figure S4.3), allowing a good approximation of the intracellular silver 
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content for other AgNO3 exposure concentrations. In the case of AgNP, this type of 

modeling was not possible, and only reported measured data were considered. 

Thus, the effects of AgNO3 and AgNP on the photosynthetic yield of both strains 

measured in this study were expressed as a function of the modeled or measured 

intracellular silver concentration. Standard deviations of the modeled intracellular silver 

content were calculated according to: ∑ 





=

2

a
std

x
std ax . 

4.3.8 Data analysis 
To describe the relationship between measured effects and the corresponding silver 

concentration in the exposure media, a sigmoidal dose-response curve with variable slope 

(identical to the four parameter logistic equation) was applied to the datasets (Supporting 

Information, Table S4.2). The half maximal effect concentrations (EC50) were also 

calculated according to this model. 

4.4 Results 

4.4.1 Nanoparticle characterization 
AgNP Z-average size and ZP in the original suspension and in the exposure media 

(10 mM MOPS at pH 7.5) were reported by Piccapietra et al. (2012b). A Z-average size 

between 29 and 45 nm was observed for AgNP concentrations between 9.27 mM (stock 

solution) and 10 µM. An increasing Z-average size (90 to 436 nm) was measured with 

increasing particle dilution (1 and 0.1 µM). The ZP of the AgNP was more negative in 

the stock suspension (-41.8 mV) than in the diluted solutions (-30.6 mV for 100 µM,        

-12.6 mV for 10 µM). Under 10 µM AgNP, the ZP approached to zero. 

4.4.2 Effects on photosynthetic yield 
The photosynthetic yield of the mutant decreased with increasing AgNO3 

concentrations and was completely inhibited at 500 nM AgNO3 after 1 hour of exposure, 

and at 250 nM after 2 hours (Figure 4.1A). In the case of AgNP, the photosynthetic yield 

started to decrease at higher total silver concentration (100 nM AgNP), and a complete 

inhibition was measured at 50 µM AgNP after 1 h, and at 10 µM after 2 h. A more 

pronounced difference between 1 and 2 hours of exposure was observed for the AgNP. 
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For both treatments and time points, the experimental data were well fitted by the 

sigmoidal dose-response with variable slope (R2 = 0.99, Table 4.1). Calculated EC50 

values showed an higher effect of AgNO3 (37 nM) compared to AgNP (1828 nM) after   

1 hour of exposure, as a function of total silver. 

 

 
FIGURE 4.1. (A) Photosynthetic yield (%) of the cell wall free mutant of Chlamydomonas reinhardtii as a 
function of AgNP (■) and AgNO3 (●) total concentration after 1 (full symbols) and 2 hours (empty 
symbols) of exposure. (B) Photosynthetic yield (%) as a function of dissolved silver (Ag+). 
 
 
TABLE 4.1. Estimated EC50 (nM) for the photosynthetic yield of the mutant (95% CI = 95 % confidence 
intervals). 
 

 
1h 2h 

average 95% CI R2 average 95% CI R2 

AgNO3 37 28-48 0.989 31 26-38 0.993 

AgNP 1828 1329-2514 0.997 558 358-869 0.991 

AgNP (Ag+) 18 13-25 0.997 6 4-9 0.991 

 
 

The toxicity of both 100 nM AgNO3 and 5 µM AgNP was completely abolished in 

the presence of 500 nM cysteine (Figure 4.2A). Thus, the photosynthetic yield was 

analyzed as a function of Ag+ (Figure 4.1B). In this case, the effects of AgNP were found 

to be slightly higher compared to AgNO3. For instance, the inhibition of the 

photosynthetic yield after 1 hour of AgNP exposure started at 1 nM Ag+, and was 

complete at 500 nM Ag+. On the contrary, the effect of AgNO3 started at 10 nM Ag+. The 

calculated EC50 for AgNP was 18 nM Ag+ after 1 hour (Table 4.1). The increased AgNP 

effect over exposure time was evidenced by the calculated EC50 after 2 h. 
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FIGURE 4.2. Influence of cysteine on the effects of AgNO3 and AgNP on the photosynthetic yield (A), 
intracellular esterase activity (B), and membrane integrity (C). 
 

4.4.3 Effects on intracellular esterase activity 
For both strains, the effect of AgNO3 on intracellular esterase activity started at  

100 nM (Figure 4.3A). Higher effects with increasing AgNO3 concentrations were 

observed for the mutant. The effect of AgNP started at higher total silver concentrations 

(4 µM for the mutant, 8 µM for the wild type), and a complete inhibition was achieved at 

500 µM AgNP for both strains. Slightly lower EC50 were calculated for the mutant after  

1 hour in comparison to the wild type for both treatments (Table 4.2). 

In the presence of 10 µM cysteine, the effects of 1 µM AgNO3 und 100 µM AgNP 

were completely abolished in both strains (Figure 4.2B). As a function of Ag+, the effect 

of both treatments on each strain was similar (Figure 4.3B). Calculated EC50 after 1 hour 

for the wild type were 521 and 400 nM Ag+ for AgNO3 and AgNP exposure, respectively 

(Table 4.2). As for total silver concentrations, slightly lower EC50 were calculated for the 

mutant after 1 has a function of Ag+. 

Additionally, a decrease of the cell granularity (SSC) was observed at high AgNO3 

and AgNP concentrations (Supporting Information, Figure S4.4A). In case of the mutant, 

the size (FSC) of the cells was also affected with increasing silver concentrations 

(Supporting Information, Figure S4.4B). 
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FIGURE 4.3. (A) Esterase activity (% of cells) of the wild type (● and ■) and cell wall free mutant (▲ and 
▼) of Chlamydomonas reinhardtii as a function of AgNP (■ and ▼) and AgNO3 (● and ▲) total 
concentration after 1 of exposure. (B) Esterase activity (% of cells) as a function of dissolved silver (Ag+). 
 
 
TABLE 4.2. Estimated EC50 (nM) for the intracellular esterase activity after 1 h (95% CI = 95 % 
confidence intervals). 
 

 
Wild type Mutant 

average 95% CI R2 average 95% CI R2 

AgNO3 521 410-662 0.971 203 170-242 0.973 

AgNP 39981 33358-59985 0.997 15777 14091-17666 0.998 

AgNP (Ag+) 400 334-600 0.997 158 141-177 0.998 

 

4.4.4 Effects on membrane integrity 
The effect of AgNO3 on the wild type started at 200 nM and was complete at 5 µM 

(Figure 4.4A). The effect of the same treatment on the mutant was higher, and started at 

50 nM AgNO3. In case of the AgNP exposure, the inhibition of the membrane integrity 

started at 20 µM. Calculated EC50 after 1 hour were much higher for AgNP compared to 

AgNO3 as a function of total silver for both strains (Table 4.3). 

The effects of 1 µM AgNO3 und 100 µM AgNP were completely abolished in the 

presence of 10 µM cysteine in both strains (Figure 4.2C). As a function of Ag+ (Figure 

4.4B), comparable EC50 after 1 hour of exposure were calculated for both strains and both 

treatments (257 to 645 nM Ag+). 
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FIGURE 4.4. (A) Membrane integrity (% of cells) of the wild type (● and ■) and cell wall free mutant (▲ 
and ▼) of Chlamydomonas reinhardtii as a function of AgNP (■ and ▼) and AgNO3 (● and ▲) total 
concentration after 1 of exposure. (B) Membrane integrity (% of cells) as a function of dissolved silver 
(Ag+). 
 
 
TABLE 4.3. Estimated EC50 (nM) for the membrane integrity after 1h (95% CI = 95 % confidence 
intervals). 
 

 

Wild type Mutant 

average 95% CI R2 average 95% CI R2 

AgNO3 391 359-424 0.997 257 219-302 0.995 

AgNP 64493 58795-70742 0.999 34468 18370-64673 0.968 

AgNP (Ag+) 645 588-707 0.999 345 184-647 0.968 

 

4.4.5 Effects on photosynthetic yield as a function of intracellular silver 
content 

For the treatment with AgNO3, the decrease of the photosynthetic yield with 

increasing intracellular silver content was similar in both strains (Figure 4.5). The 

inhibition of the photosynthetic yield started at around 2 x 10-5 mol silver Lcell
-1. A 

complete inhibition was achieved at intracellular silver concentration above 1 x 10-3 mol 

silver Lcell
-1, with estimated EC50 of 1.4 x 10-4 and 1.1 x 10-4 mol silver Lcell

-1 for the wild 

type and mutant, respectively (Table 4.4). In the case of AgNP, the comparison between 

effects and measured intracellular silver concentration was possible only for few data 

points. In general, lower effect on the photosynthetic yield were observed for similar 

intracellular silver content upon exposure to AgNP. For instance, at 2 x 10-4 mol silver 

Lcell
-1 the photosynthetic yield in the mutant was inhibited by 20% by AgNP and by 75% 

by AgNO3. 
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FIGURE 4.5. Photosynthetic yield (%) as a function of intracellular silver content in wild type (● and ▼) 
and mutant (■ and ▲) after 1 h exposure to AgNO3 (● and ■) and AgNP (▲ and ▼). Data on the 
photosynthetic yield of the wild type as a function of AgNO3 and AgNP concentration were taken from 
Navarro et al. (2008b). 
 
 
TABLE 4.4. Estimated EC50 (mol Lcell

-1) for the photosynthetic yield of both strains as a function of the 
intracellular silver concentration after 1h of exposure to AgNO3 (95% CI = 95 % confidence intervals). 
 

 average 95% CI R2 

Wild type 1.4E-04 1.3-1.7E-04 0.998 

Mutant 1.1E-04 0.8-1.4E-04 0.990 

 

4.5 Discussion 
In this study, lower effects of AgNP compared to AgNO3 were observed in all 

examined endpoints as a function of total silver concentrations. In the experiments with 

cysteine, the toxicity of both AgNP and AgNO3 was abolished in presence of this silver 

ligand, indicating that AgNP toxicity to photosynthesis, esterase activity, and membrane 

integrity of C. reinhardtii was mediated by the Ag+, and that AgNP do not have direct 

effects on the considered endpoints. Similar results were reported by Navarro et al. 

(2008b) for the toxicity of carbonate-coated AgNP and AgNO3 to the photosynthesis of 

the wild type of C. reinhardtii. Additionally, an increased AgNP toxicity to the 

photosynthesis of the mutant was detected with increasing exposure time, while the 

AgNO3 toxicity was maximal after 1 h. 

The results of the toxicity of AgNP as a function of Ag+ showed a higher effect of 

the nanoparticles to the photosynthetic yield of the mutant, relative to AgNO3. As 

previously tentatively explained by Navarro et al. (2008b), this result suggested an 

increased Ag+ release over exposure time upon AgNP oxidative dissolution in the 
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presence of the algae. For the other endpoints, the difference between AgNP and AgNO3 

toxicity as a function of Ag+ was less pronounced. 

The higher sensitivity of photosynthesis to silver, as compared to esterase activity 

and membrane integrity, suggested a direct effect of Ag+ to photosystem II that might be 

caused by the replacement of essential metals, as Cu, in proteins by silver. Alternatively, 

inhibitory effects could be caused by unspecific interaction of Ag+ with SH groups of 

membrane proteins or cellular enzymes. 

Concerning the comparison between the wild type and the cell wall free mutant of 

C. reinhardtii, a higher toxicity of AgNP and AgNO3 was observed for all endpoints in 

the mutant. Similar trends were observed for the toxicity of cobalt, cadmium, and copper 

to the wild type and mutant of the same alga (MACFIE et al., 1994). Based on the 

intracellular silver uptake reported by Piccapietra et al. (2012a), the higher sensitivity of 

the cell wall free algae can be related to a faster and higher intracellular silver uptake in 

comparison to the wild type. Consequently, the protective effect of the cell wall can be 

described as a limitation of the silver uptake, resulting in a lower intracellular silver 

concentration and a lower cellular response for the wild type. 

In order to distinguish between different sensitivity and uptake kinetics, the 

measured effects of AgNP and AgNO3 on the photosynthetic activity of both strains were 

related to the intracellular silver content investigated by Piccapietra et al. (PICCAPIETRA et 

al., 2012a). The effect of AgNO3 and AgNP in both strains related to similar intracellular 

silver concentrations, suggesting that the different sensitivity between the wild type and 

the mutant is given by different silver uptake kinetics, and not by different cellular 

mechanisms of toxicity or of metal detoxification. 

The slightly lower effect of AgNP as a function of intracellular silver 

concentrations compared to AgNO3 is an indication that part of the accumulated silver 

does not effect the algae, which based on a simple modeling (Supporting Information, 

Table S4.3) corresponds to the uptake of 1 to 7 AgNP per cell. Consequently, the lower 

AgNP toxicity might be explained by few AgNP internalized or strongly bound on the 

algal surface that do not produce measurable effects. 

As indicated by the cysteine experiments, the similar toxicity of AgNP and AgNO3 

to photosynthesis, as a function of intracellular silver concentrations, confirms the 
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hypothesis that AgNP indirectly effect C. reinhardtii through the dissolution and release 

of Ag+, rather than as a result of a direct particles effect. However, further research is 

needed to investigate long-term effects of AgNP and to confirm this hypothesis. 
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4.8 Supporting information 

 

 
FIGURE S4.1. Mutant and wild type algae were exposed to various DMSO concentrations (0.01-1%). The 
size (FSC) of the algal cells was measured with FCM. In case of the wild type, no effects on size were 
observed at 1 % DMSO, while a decrease of the FSC signal was evident for the mutant exposed to the same 
DMSO concentration. 
 
 
 

 
FIGURE S4.2. Parameters detected by FCM analysis include size (forward scattered light, FSC), 
granularity (describe internal morphology and structure complexity, side scattered light, SSC), and green 
(FL1) and red (FL3) fluorescence. Information were obtained for individual cells in one sample. The 
differentiation between green autofluorescence and increased fluorescence was performed by plotting the 
green fluorescence (FL1) of all cells in a sample as a function of their size (FSC). 
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TABLE S4.1. Modeling of intracellular silver uptake  upon exposure to various AgNO3 concentrations. 
 

Linear regression y = a x + b 

Best-fit values Slope (a) Intercept (b) 
R2 

 average SD average SD 

wild type 6.6E-07 3.2E-08 1.6E-05 7.4E-06 0.993 

mutant 3.0E-06 2.2E-07 -2.8E-06 1.3E-05 0.985 
 
Considered exposure concentrations for the wild type: 0, 20, 50, 100, 500 nM. 
Considered exposure concentrations for the mutant: 0, 20, 50, 75, 100 nM. 
 
 
 
 
 

 
FIGURE S4.3. Modeled and measured intracellular silver uptake upon exposure to various AgNO3 
concentrations. 
 
 
 
 
 
TABLE S4.2. Equation used for the EC50 calculation. 
 

Equation 

 

( ) ( )
[ ]( )( )HillSlope*AgLogLogEC50101

minmaxmin% Yield −+
−

+=  

 

Definition Sigmoidal dose-response with variable slope 
(identical to the four parameter logistic equation) 

Description Yield starts at “max” and goes to “min” with a sigmoidal shape 
Software GraphPad Sigma 4 
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A) 

 
         0 µM AgNO3            10 µM AgNO3 

 
         0 µM AgNP             100 µM AgNP 
B) 

 
       0 nM AgNO3                     20 nM AgNO3                150 nM AgNO3             1250 nM AgNO3 
 
FIGURE S4.4. A) Effect of high AgNO3 (10 µM) and AgNP (100 µM) concentrations on the granularity 
(SSC) of the wild type. B) Effect of increasing silver concentrations on the size (FSC) of mutant cells. 
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TABLE S4.3. Modeling of the accumulated intracellular silver (I) upon exposure to AgNP in comparison 
to AgNO3 as a function of the photosynthetic yield, expressed as a possible maximal number of 
accumulated AgNP. VAgNP and MAgNP represent the volume and the mass of a single nanoparticle, 
respectively. Considered values include cell volume (Vcell = 100 fL for the wild type and 37 fL for the 
mutant), silver density (ρAg = 10.49 g cm-3), and silver mass (MAg = 107.8682 g mol-1). 
 

Alga 
 

dAgNP 
(nm) 

CAgNP 
(µM) 

Inhibition of PSII 
(%) 

I for AgNP 
(mol Lcell

-1) 
I for AgNO3 
(mol Lcell

-1) 
Difference 
(mol Lcell

-1) 
Difference 

(nr° AgNP cell-1) 
Mutant 90 0.5 82 5.30E-05 2.07E-04 1.54E-04 0.2 

Wild type 45 5 39 1.80E-04 5.43E-04 3.63E-04 7.8 
Mutant 45 5 27 2.00E-04 1.11E-03 9.12E-04 7.3 

 
Used equations include: 
 







×××








=






×








=








3Ag

3
AgNP

3Ag

3

AgNPAgNP m
gρ

3
4π

2
d

m
gρ

AgNP
mV

AgNP
gM  

 
















×








×








=





 °

AgNP
gM

mol
gM

cell
L

V
L
moldifference

cell
AgNP nrdifference

AgNP

Ag
cell

cell
cell  

 



 

 

 
 



Outlook 

93 

5. Outlook 
Important information on the stability of carbonate-coated AgNP under natural 

freshwater conditions, and on their bioavailability and toxicity to algae was gathered in 

this thesis. In the following paragraphs, the most relevant achievements are discussed 

from a general environmental perspective, and further research needs are suggested. 

5.1 Fate of AgNP in the aquatic environment 
Systematic analysis of the influence of physicochemical factors relevant for 

freshwaters revealed that the stability of AgNP depends on the properties and stability of 

the particle coating, in this study carbonate. According to the results reported in chapter 

2, pH and electrolyte type and concentration were determinant in affecting AgNP 

physicochemical properties and thus stabilization. The effects of humic and fulvic acids 

were found to be negligible, mostly due to the weak interactions that can be expected 

between the carbonate coating and these organic molecules. On that basis, the AgNP 

stability in the natural freshwaters was directly predictable by the chemical properties of 

the water. For instance, in the considered case study in Chriesbach water, the 

concentration of divalent ions was proposed as the most relevant variable of the system, 

that strongly influenced the physicochemical properties of the AgNP and that enhanced 

their agglomeration. Another important point that emerged from this analysis is that 

agglomerated AgNP were still detected up to 7 days of exposure, pointing out the need to 

further consider the mobility of AgNP agglomerates in aquatic environments, particularly 

under conditions favoring their stability (neutral pH and low salt contents). 

In order to further generalize and predict the behavior of AgNP in aquatic systems, 

a systematic investigation of the long-term colloidal stability of AgNP having various 

types of coatings and sizes needs to be performed under natural freshwater conditions. 

According to the chemical properties of the coatings, in particular their charges at neutral 

pH, key processes as AgNP agglomeration, dispersion, or adsorption might be directly 

linked to the pH dependent speciation of the coating, or to the electrostatic or steric 

affinity between coatings and natural organic molecules or colloids. Consequently, it 

would be of interest to perform experiments with neutral, negatively and positively 

charged AgNP. Additionally, the role of the AgNP size needs also to be further 
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investigated, mostly focusing on the likely size dependent AgNP agglomeration and 

interactions with solid surfaces. 

Concerning AgNP dissolution, the low dissolution of carbonate-coated AgNP 

reported in the case study needs to be further analyzed. More specifically, the role of 

natural biomolecules and ligands, and the effect of various environmentally relevant 

factors as temperature, light, and oxygen, sulfide and chloride concentrations on the 

AgNP dissolution have to be systematically investigated. As for the particle stability, the 

type of coating and the AgNP size might play a relevant role for the dissolution of AgNP. 

Based on the obtained results of the proposed further investigations of the AgNP 

stability and dissolution, coatings might be ordered into categories that distinguish AgNP 

according to the stability of the coating and to the susceptibility to dissolve. The final aim 

would be to predict AgNP behavior and fate in the aquatic system according to the 

category of their coating. Moreover, important information would also become available 

to design more environmentally friendly AgNP. For instance, AgNP in consumer 

products coated with molecules that favor agglomeration, adsorption to solid surfaces, 

and slow dissolution, might retain their antibacterial effects, be less bioavailable to 

aquatic organisms, and at the same time be less mobile. 

5.2 AgNP uptake in algae 
While the cell wall of Chlamydomonas reinhardtii was predicted to constitute a 

barrier for the entrance of AgNP in algae, the low AgNP uptake in the cell wall free 

mutant reported in chapter 3 was surprising. Clearly, more work is needed to understand 

the lack of particle internalization through the plasma membrane of this alga and to 

further generalize these results, in particular to elucidate if this issue relates more to the 

physicochemical properties of the AgNP, as size and surface charge, to the toxic effects 

of Ag+, or to the specific properties of the considered organism. 

With regard to the general question whether NP can enter across the plasma 

membrane of Chlamydomonas reinhardtii via endocytotic pathways, uptake experiments 

with very small inert NP (< 10 nm) displaying minimal dissolution, as gold NP, could be 

performed with the cell wall free mutant. Beside quantitative measurements of the 

intracellular metal accumulation, microscopy analysis would be extremely helpful in 

visualizing and confirming the NP internalization process via endocytosis. After 
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determining NP internalization, further investigations would be needed to evaluate the 

specific case of AgNP. Performing experiments using AgNP having smaller sizes          

(< 10 nm) and various types of coating (neutral, positively and negatively charged 

molecules), the role of the physicochemical properties of the AgNP might be further 

explained. 

Assuming endocytosis to occur, AgNP uptake experiments in the presence of a 

complexing ligand, as cysteine, could elucidate the role of the toxic Ag+, that may inhibit 

endocytotic pathways at high concentrations, resulting in limited AgNP internalization. A 

second hypothesis concerns the AgNP internalization only in the presence of very high 

Ag+ concentration, that may strongly affect the integrity of the plasma membrane. This 

specific case could be investigated by exposing the cell wall free mutant to inert NP (as 

gold NP) in presence and absence of high Ag+ concentrations. 

Concerning the role of the specific properties of the cell wall and cell membrane, 

uptake experiments might be performed with algal species displaying different structural 

architecture and composition. Further information would be also available by 

investigating the particle internalization in phototrophic species that acquire nutrients by 

phagocytosis. 

Another relevant question relates to the bioavailability of AgNP during algal 

growth, that may depend on the particular cellular states of the algae, thus influencing the 

internalization of particles. During long-term algal exposures, particles dissolution might 

also be enhanced, and this release of ions may result in a local change in membrane 

permeability. 

5.3 Effects of AgNP to algae 
In chapter 4, the short-term effects of AgNP and Ag+ were investigated. The main 

conclusion is that effects of AgNP are mediated by the Ag+ released from particle surface 

or already present in the solution, while no direct effects of the AgNP were observed for 

the considered endpoints. However, according to some specific morphological changes 

evidenced in Chlamydomonas reinhardtii upon exposure to AgNP in comparison to 

AgNO3 (Behra et al., 2012, in preparation), further research is needed to examine 

possible direct effects of AgNP on other functional and structural cellular endpoints, 

particularly over long-term exposures. High through-put techniques as transcriptomics, 
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proteomics, and metabolomics might be particularly appropriate to identify AgNP 

specific effects. For instance, in case of zebra fish embryos, such specific AgNP effects 

were found by using these techniques (Groh et al., 2012, in preparation). 

From a general environmental perspective, there is also the need to examine AgNP 

effects on natural communities of algae. For instance, in case of AgNP agglomeration and 

sedimentation, autotrophic and heterotrophic biofilms might constitute a sink for AgNP. 

In this case indirect effect to algae might result from AgNP impacts to the heterotrophic 

part of the community. Moreover, a last important research need would be the 

investigation of the AgNP transfer to higher trophic levels feeding on biofilms. 
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