-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Digital.CSIC

1 Effects of differently coated silver nanoparticles on
> the photosynthesis of Chlamydomonas reinhardtii
3

4

5 Enrique Navarro'*, Bettina Wagneri, Niksa Odzak*, Laura SiggI and Renata Behra*

6 7. CSIC, Pyrenean Institute of Ecology, Av. Montafiana 1005, Apdo. 13034, 50059 Zaragoza,

7  Spain.

8  i.Eawag, Swiss Federal Institute of Aquatic Science and Technology, Uberlandstrasse 133, P.O.

9 Box 611, 8600 Diibendorf, Switzerland

10  KEYWORDS: Chlamydomonas reinhardtii, silver nanoparticles, dissolved silver, bioavailability,

11 coatings.

12 * Corresponding author

Name: Enrique Navarro

Address: CSIC, Pyrenean Institute of Ecology, Av. Montafiana 1005,
Apdo. 13034, 50059 Zaragoza, Spain.

Phone: +34 976 369 393

Fax: +34 976 719 019

E-mail address: enrique.navarro@;ipe.csic.es

Page 1 of 23


https://core.ac.uk/display/36212179?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:enrique.navarro@ipe.csic.es

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

ABSTRACT

Various factors have been invoked to explain the toxicity of silver nanoparticles (AgNP) to
microorganisms including particle size, the nature of stabilizing coatings as well as the amount of
dissolved silver occurring in AgNP suspensions. In this study we have assessed the effects of nine
differently coated AgNP (chitosan, lactate, polyvinyl pyrrolidone, polyetheleneglycol, gelatin,
sodium-dodecyl-benzenesulfonate, citrate, dexpanthenol and carbonate) and AgNO; on the
photosynthesis of the freshwater algae Chlamydomonas reinhardtii. We have thus examined how
AgNP effects to algae relate to particle size, measured dissolved silver (Agq) and bioavailable
silver (Agbicav). Agbiocay Was indirectly estimated in toxicity experiments by cysteine-silver
complexation at the ECsy. The ECs, calculated as a function of measured Agy concentrations
showed for some coatings similar values to that of dissolved Ag, while other coated AgNP
displayed lower ECs. In all cases, excess cysteine completely prevented effects on photosynthetic
yield, confirming the role of Agy as a cause of the observed effect on the photosynthesis. Toxicity
was neither related to particle size nor to the coatings. For all differently coated AgNP
suspensions, the ECsy values calculated as a function of Agpicy Were comparable to the value of

AgNOs. Depending on the coatings Agpicay Was comparable or higher than measured Agg.
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INTRODUCTION

Because of their bactericidal properties '), silver nanoparticles (AgNP) are present in numerous
consumer products. During recent years, an increasing number of studies have demonstrated

241 or algae 7). The toxicity of

toxicity of AgNP to different microorganisms such as bacteria
AgNP to microorganisms has been suggested to result from both the release of silver ions (Ag")
and interactions between AgNP and cell membrane > *'°) The determining role of Ag" in
explaining the observed toxicity of AgNP to microorganisms is experimentally supported by the
fact that complexation of Ag" by thiol ligands, as well as anaerobic conditions prevent toxicity of
AgNP 71531 Thyg, risk assessments of AgNP need careful consideration of the contribution of
Ag' to toxicity. Tonic silver might occur in AgNP suspensions, both as residual from particle
synthesis and formed upon particle oxidation. Major factors expected to influence AgNP
dissolution in aqueous solutions include pH, ionic strength, and the presence of ligands ['®'7),
AgNP are typically synthesized with different surface coatings to minimize particle
agglomeration in aqueous systems !'. Depending on their chemical nature, coatings might by

[18-21]

complexation influence the release of Ag' ions from particles , or affect the stability of

particles and indirectly, their toxicity to aquatic organisms ' ****. Moreover, intrinsic properties

251 go far, no studies have

of coatings might contribute to observed effects of AgNP
systematically examined the contribution of size, dissolved silver and of several coatings on AgNP
toxicity in a common approach.

In this study we have assessed the toxicity of differently coated AgNP and of dissolved Ag
(provided as AgNOs) on the freshwater algae Chlamydomonas reinhardtii and examined how
effects related to particle size, dissolved silver (Agq) and bioavailable silver (Agpicay) Which is the
concentration that provokes toxicity. Considered coatings are representative of different chemical

families (Table 1) and were selected considering their differences in Ag binding properties and

molecular size.
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We first assessed short-term effects on photosynthesis and measured Agy in experimental media
used for toxicity testing. The concentration of Agpicay Was assessed indirectly in toxicity
experiments by modifying the speciation of Agyq with cysteine. This use of the cysteine is
supported by recent studies showing that the uptake of Ag in presence of cysteine is strongly

15, 26

reduced ! 1. Therefore effective concentrations on the base of dissolved and bioavailable silver

were compared to infer the influence of coatings on bioavailability and toxicity of AgNP.

MATERIALS AND METHODS

AgNP characterization. AgNP were provided by NanoSys GmbH (Wolthalden, Switzerland)
as aqueous suspensions of 1 g/L total Ag (nominal concentrations). Original AgNP suspensions
(see Table 1 for bulk concentrations) were kept in the dark. Experimental concentrations were
prepared using 10 mM MOPS (3-morpholine propanesulfonic acid, buffered at pH 7.5). For
cysteine experiments, fresh stock solutions of cysteine were prepared in nanopure water, and kept
on ice to prevent oxidation. For exposure studies, AgNO3 solutions and AgNP suspensions were
freshly prepared before use. Unless otherwise indicated, all chemicals were purchased from
Sigma-Aldrich. AgNP were characterized under experimental conditions (10 mM MOPS, pH 7.5)
for size and { —zeta— potential by Dynamic Light Scattering (DLS) using a Zeta Sizer (Nano ZS,
Malvern Instruments).

ICP-MS measurements. The silver concentration (isotope '’ Ag) was measured in acidified
solutions (0.1 M HNOs3) by ICP-MS (Element 2 High Resolution Sector Field ICP-MS; Thermo
Finnigan). Reliability of the measurements was controlled using a water reference solution
(Standard Reference Material 1643e, National Institute of Standards & Technology, USA).

For total Ag measurements AgNP suspensions were digested with HNO; in a microwave oven
(MLS 1200 Mega, Microwave Laboratory Systems). Recovery of Ag was 88 — 95 % of the

nominal concentrations.
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Dissolved silver present in AgNP suspensions was examined by centrifugal ultrafiltration
(Millipore Amicon Ultra-4 3K) through a membrane with a nominal molecular weight limit of 3
kDa. Recovery measurements using AgNOs and the same experimental media were done, showing
that between 90-99% of the silver was recovered after the Ultrafiltration process. Suspensions
(5uM AgNP in 0.01 M MOPS at pH 7.5) were centrifuged for 30 min at 3000xg (Megafuge 1.0R,
Heraeus Instruments). Concentration of dissolved Ag (Agqs mostly Ag’, see at Supporting
Information -SI- Table S1) in the filtrate was expressed as % of the total Ag concentration after 1
or 2 h in the experimental media without algae (Table 1). Measurement of Agy in the AgNP

> 21 and by

suspensions were confirmed using diffusive gradients in thin films (DGT) !
ultracentrifugation. Bioavailable Ag (Agpioay) Was on the basis of cysteine-silver complexation
experiments (see below).

Speciation calculations. Calculations of the Agy speciation upon cysteine addition to AgNO; or

AgNP were done using the software ChemEQL 3.0 **

using the corresponding equilibrium
constants, as described in Navarro et al. 2008 ). Detailed calculations and the list of stability
constants and appropriate references are available in SI Tables S1 and S2 respectively.

Algal culture and photosynthetic yield measurements. Chlamydomonas reinhardtii (wild
type, CC-125 137c mt+) were cultured under controlled conditions (25 °C, 90 rpm, 120 pE) in
standard growth medium at pH 7.5 #°. Cell number was measured by an electronic particle
counter (aperture 50 um; Z2 Coulter Counter; Beckman Coulter, Fullerton, CA). While growth is
a more sensitive endpoint towards silver with ECs, values of 12 nM P%, photosynthetic yield was
chosen as a toxicity endpoint because effects are measurable upon short-term exposure thus
avoiding accumulation of secreted biomolecules. The algal photosynthetic yield of the
photosystem II in light was measured by fluorometry using a PHYTO-PAM (Heinz Walz GmbH)
equipped with an Optical Unit ED-101US/MP. The yield reflects the efficiency of the
photochemical energy conversion process "', Fluorometry measurements were done at similar

light intensities than those used during growth and exposure (140 pmol photons m™ s’ PAR

radiation).
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Effects of AgNO; and AgNP on photosynthetic yield. Exponentially growing algae in culture
media were first centrifuged (2000xg, 10 min) and then resuspended in 10 mM MOPS at pH 7.5
to a final volume of 25 mL in glass Erlenmeyers and a density of 1.7x10° cells mL™".
Photosynthetic yield was not affected by the algal translocation into MOPS or by exposure to
cysteine ). Toxicity of AgNP and AgNO; to photosynthesis was assessed by concentration-
response experiments by exposing algae to increasing concentrations of AgNO3z and AgNP (see SI
Table S3 for a comprehensive list of the experiments and concentrations used). At least 3
concentration-response experiments per coating were done. AgNP and AgNOj; toxicity to the algal
photosynthetic yield was measured after short-term exposure (1 and 2 h) in order to minimize
accumulation of algal products in the exposure media, and thus changes in the silver speciation.
The photosynthetic values of all concentration-response experiments were represented as
percentage of the respective controls. Values were plotted as a function of the total Ag or Agy
concentration measured in AgNP suspensions, in the absence of algae in the suitable concentration
range. The Agy bound to the algae was estimated to be negligible in comparison with the ECs
concentrations, as calculated based on previous studies (ref. 26), see calculations in SI. The Agy
values were determined by centrifugal ultracentrifugation. Data were fitted to a four parameters
logistic curve to determine ECs values as described below in the Statistics section.

Cysteine-silver complexation experiments. Complexation experiments were carried out in
order to determine the concentration of bioavailable silver (Agpioav). Based on our previous results
D] cysteine concentrations similar to or higher than Agy (mostly Ag"), were expected to complex
Ag" and to decrease the free Ag' concentrations to levels which show no effect to photosynthesis
(see detailed speciation calculation at SI Table S1 and S2). Different cysteine concentrations were
first added to one concentration of the various AgNP which were in the range of the respective
ECsp. After ten minutes pre-equilibration (time to reach equilibrium of cysteine-silver complexes)
algae were added to the suspensions and their photosynthetic yield measured after 1 h of exposure.
Up to 47 complexation experiments were done with various AgNP and cysteine concentrations (SI

Table S3). The photosynthetic values were represented as percentage of the respective controls
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and plotted as a function of cysteine concentration. Points were fitted to the best curve
(maximizing R* value), using Sigma Plot 12 (© Systat Software Inc.). The models were then used
to calculate the lowest amount of cysteine required to completely prevent the toxicity to
photosynthesis. For each AgNP, the concentration of bioavailable Agpio.y at ECsy (1h) was
estimated as the product of the ECs, values (based on Agy) by the cysteine/Agg ratio (Agpioay = Agd
ECso % Cys/Agq). This approach is detailed in the discussion.

The potential effects of cysteine on the dissolution of Ag or the characteristics of AgNP were
assessed by measuring dissolved Agg, as well as size and (- potential of AgNP in the presence of
500 nM cysteine which was the highest concentration used in the silver complexation
experiments.

Statistics. Errors of measurements (total number of experiments and replicates are shown in SI
Table S3) are expressed as standard deviation (SD). Concentration-response curves were fitted to
a four parameters logistic curve using R and drc package %, to obtain the corresponding ECs
values and standard error (SE). The same package was also used to perform comparison tests,
using R “compPAR?” function; the null hypothesis is that the ratio equals 1. The ratio was obtained
by dividing ECs value for AgNOs by ECs for each AgNP. If the ratio significantly differs from 1,
the null hypothesis should be rejected, meaning that values are significantly different (p<0.05).

The p-values are adjusted using Bonferroni correction for multiple T-tests.

RESULTS

AgNP characterization. In the simple experimental medium used for toxicity experiments (10
mM MOPS, pH 7.5), the AgNP displayed average diameters ranging from 17 nm (CIT) to 456 nm
(DEX), and (- potential from -3.5 mV (LAC) to -36 mV (COs) (Table 1). Dissolved silver (Agy),
measured 1 h after dilution of the original AgNP suspensions in 10 mM MOPS and as percentage

of measured total Ag, was between 12 and 19 % in the case of PEG, LAC, DEX and PVP and
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around 1-3 % in the case of COs, CHI, CIT, GEL and NDB (according to both ultrafiltration and
DGT). These percentages were similar after 2 h (Table 1).

Effects of dissolved Ag and AgNP on photosynthetic yield. All differently coated AgNP and
dissolved Ag proved to be toxic, decreasing the photosynthetic yield of algae as a function of
increasing total Ag concentrations (Figure 1). At the highest applied concentrations (between 20
and 50 uM as total silver) most AgNP completely inhibited photosynthesis within 1 h, while in the
case of GEL, CIT and CHI coated AgNP, photosynthetic yield remained between 10-30 % of the
control. Based on total Ag, the various AgNP strongly differed in their toxicity (Table 2A), with
ECs values ranging from 0.28 (DEX) to 5.25 uM (CIT). Dissolved AgNO; showed the highest
toxicity to C. reinhardtii photosynthetic yield (Figure 1 and Table 2A), with an ECsy of 0.18 uM,
up to 30 times lower than that of CIT coated AgNP.

Examination of effects of the AgNP on photosynthetic yield as a function of measured Agy,
showed concentration-response curves and ECsg values to differ less than as a function of total Ag
(Figure 2 and Table 2B). Compared to AgNOs, the ECs values expressed as function of Agyq were
slightly lower or similar for the CHI, LAC, PEG and PVP coated AgNP, but appeared to be
significantly lower for the CO3;, DEX, NDB, CIT and GEL coated AgNP (Table 2B).

When expressed as function of measured total Ag, ECsy values were found to decrease with
increasing particle size (Figure 3A). No correlations between the ECsy of the various AgNP and
the corresponding average particle size have been found, whether expressed as total Ag or as Agq
(Figure 3).

Silver-cysteine complexation experiments. After 1 h exposure at the highest applied
concentration of cysteine (500 nM), the (- potential of most AgNP shifted to less negative values
(SI Figure S2), while in the case of polymeric coatings (PEG, PVP and CHI), no effect was
observed. The size of most AgNP was not affected by cysteine, and only a few showed a slight
increase of the averaged size (SI Figure S2). Cysteine had only small effects on the Agy
determined in most of the AgNP suspensions (SI Figure S3), with only the GEL AgNP showing a

significantly higher Agy concentration (4 times).
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Pre-equilibration of particle suspensions with cysteine resulted for all AgNP in a lowering of
toxicity with increasing cysteine concentration (see examples with CO3;, PVP and CHI AgNP in
Figure 4). At the highest concentration of 500 nM, cysteine suppresed toxicity of all AgNP
completely, indicating absence of toxicity by the coatings.

Curves were modeled to calculate the minimal cysteine concentration that prevented toxicity to
the photosynthetic yield and which is supposed to correspond to the Agpicay concentration (Table
3, for an example of calculation see SI Figure S1). For most AgNP, the amount of cysteine
required to prevent toxicity was between 0.3-0.5 uM and was lower in case of NDB or CIT (0.07
or 0.13 uM, respectively). Using the ratio of cysteine concentrations to the measured Agqy
concentrations, toxicity values were corrected to obtain ECs, values as a function of Agpicay (Table
3). Compared to dissolved Ag , most AgNP displayed similar or slightly higher ECs, values, while

DEX and NDB coated AgNP appeared to be more toxic.

DISCUSSION

AgNP toxicity as a function of total silver and of dissolved Agq. All AgNP were toxic to the
photosynthetic yield of algae, with calculated ECs, values expressed as measured total Ag varying
in the range 0.28 — 5.25 uM (Table 2A and Figure 1). These ECsy were all higher than the ECsg of
dissolved Ag and thus suggested that various AgNP were less toxic than a similar amount of
dissolved Ag. The range of the ECsy expressed as the measured dissolved Agy was narrower
(0.029 — 0.19 uM, Table 2B and Figure 2), as expected considering the role of dissolved silver in
AgNP toxicity to algae ©°). The size of the nanoparticles did not account for differences in toxicity
(see Figure 3B), in contrast to the expected higher toxicity of smaller silver nanoparticles found in
other studies ***%.

While for some of the AgNP the ECs, based on measured Agyq became similar to that of AgNOs3,

for other the Agy based ECsy were lower, indicating for these AgNP an apparently higher toxicity

compared to AgNOs. Factors to be considered for this apparent higher toxicity include intrinsic
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toxicity of the coatings, direct nanoparticle effects, increased dissolution of NP in contact with the
algae and underestimation of Agg.

Some of the coating compounds, in particular glycols (PEG), CHI, or NDB are toxic for algae

[35-37] 38

and bacteria °® only at high concentrations with ECso ranging from 120 to 1900 mg/L.
However, considering the complete suppression of toxicity by cysteine, the various coatings were
not affecting photosynthetic yield at the applied experimental concentrations. The suppression of
toxicity by cysteine also indicated that direct effects of AgNP were unlikely. Another possibility to
explain the apparent higher toxicity of some AgNP is that the concentration of Ag" ions did
increase during the toxicity experiments upon contact of the particles with algae. As already
hypothesized in a previous study that suggested a higher Agy based toxicity of carbonate coated
AgNP compared to AgNOs, the production and secretion of reactive oxygen species by algae
might lead to increased dissolution [ *; as an example, hydrogen peroxide is very efficient in
dissolving AgNP " Interestingly, a recent study showed that a close contact of AgNP with
bacteria surfaces is required for bactericidal effects, also suggesting the release of Ag' from AgNP
in close vicinity to the bacteria ['*). Last but not least, underestimation of Ags would also lead to
the higher apparent toxicity of certain AgNP. The levels of Ag, in the particle suspensions were
measured in the absence of algae to avoid underestimation due to the efficient uptake of Ag" ions

15201 1n the presence of algae, because of complexation of Ag™ ions by coating

by algae |
molecules (e.g. in the case of proteins or retention of dissolved Ag’ ions within a polymeric
coating), Agpioay might be higher than measured Agy. However, the Ag"™ bound in polymeric
species may be exchangeable with added cysteine, as well as with algal biotic ligands. If the
AgNP are in contact with the algae cells, free Ag" is rapidly taken up and may then be supplied by
dissociation from the complexes with the coating molecules.

Indirect estimation of bioavailable Ag. The titration experiments with cysteine were used to
estimate the concentration of Agpi.ay for comparison with measured Agy. Cysteine as a very strong

ligand for Ag’ is expected to form complexes with free Ag' present at the beginning of the

exposure and with Ag" adsorbed or complexed to the coatings by competition with ligands such as
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citrate or functional groups of peptides in gelatin. If Ag" is released from AgNP in close vicinity
to the algae, these Ag" ions are also likely to be rapidly complexed by cysteine (Cys). Formation
of AgCys and Ag(Cys), complexes is expected, thus with a ratio of Cys/Ag in the range 1 — 2,

* ¥ 1t was assumed that the concentration of

depending on the concentrations of Cys and Ag
cysteine that suppressed toxicity corresponded to the bioavailable Ag concentration within this
ratio. Interactions of cysteine with the nanoparticles surfaces appeared to be of minor importance,
as shown by only slight changes of (- potential and nanoparticle size in the presence of cysteine
(SI Figures S2 and S3).

The calculated cysteine concentrations suppressing toxicity, the ratios of cysteine to measured
Agq and the calculated bioavailable Ag at ECs are presented in Table 3. In the case of AgNO3, the
Cys/Agq ratio of 1.1 confirmed the speciation calculations for these conditions (SI Table S1 and
S2). For the AgNP coated with CHI, LAC, PVP, DEX and NDB, the Cys/Agq ratios were in the
range 1.0 to 2.6, which can be considered as similar to the ratio for AgNO;. For these coatings,
measured Agy concentrations under abiotic conditions were in reasonable agreement with the
Agpioay concentrations at which algae were exposed. In the case of other coatings (CO3, CIT, GEL
and PEQ), the higher ratios indicated that Agpi,ay Was higher than the measured Agy. Based on the
estimated Agpioay concentrations (Table 3) the ECsy were in a narrow range for most coatings,
namely 0.22 - 0.58 uM, and thus close to the ECsy for AgNOs, but were lower in the case of NDB
and DEX coated AgNP.

The processes leading to high Cys/Agy ratios need to be considered in detail. The high ratio
Cys/Agq (8.2) in the case of GEL indicated that measured Agy was likely underestimated, due to
complexation of Ag' to gelatin proteins, in particular to methionine or cysteine groups [*. Ag
bound to larger proteins would not pass through the ultrafiltration membranes with a cutoff of 3
kDa. Ag" complexed to the GEL-coating molecules may then be released by cysteine addition and

may also be exchanged with the biotic ligands [18]

of algae. The excess of cysteine required to
prevent toxicity suggests that there was competition between cysteine and proteins as Aggy ligands.

The calculated Agpioay at ECso was within the range of other coatings. The fact that GEL coated
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AgNP were the only ones showing a noticeable increase of measured Agy upon cysteine
interactions (4 fold increase, SI Figure S3), supports all the previous points. GEL coated AgNP
did not provoke a complete photosynthetic inhibition, even at higher concentrations, also likely
due to the effect of complexation of Ag" by proteins (Figure 2).

The CO; coated AgNP presented the highest Cys/Agqratio (14.7), and the lowest ECs value as
Agy. Carbonates are not good silver ligands, so no Agg was expected to be complexed to the AgNP
coating. These results, together with a strong decrease of ECs, from 1 to 2 h (SI Table 5S), suggest
some Ag dissolution from AgNP as a result of biological interactions. A tentative explanation, for
a better dissolution in this case, is that dissolution of AgNP by ROS produced by the algae is more
efficient in the case of COs3, which is the coating least adequate to scavenge ROS, in comparison
to the organic compounds. Another factor may be the small size of the CO;3 ions, which may
facilitate a close contact and subsequent surface interactions between AgNP and algal cells and
their by-products !"*. Furthermore, specific interactions of the carbonate coating with carbonic
anhydrases are also possible. However, the calculated ECsy based on Agpioay (Table 3) was also
within the range of the other coatings.

In the case of citrate, the Cys/Aggratio was 3.7 and thus also indicated that complexation of Ag"
by citrate and possibly dissolution occurred. Citrate may complex Ag  and thus retains the ions at
the AgNP surfaces &% 2 and possibly leads to renewed reduction of dissolved Ag” to Ag® [**-44.
The incomplete inhibition of photosynthesis at high concentrations of CIT coated AgNP may also
be due to decreased Ag'" concentration in the presence of citrate (Figure 2).

In the case of PEG, the ratio Cys/Agq (3.1) also indicated some additional interactions, although
PEG is not a good ligand for Ag". The Ag" can be retained by this polymeric coating close to the
nanoparticle surface and be released in the presence of cysteine, as well as by interactions with
algae.

In the case of NDB and DEX, lower ECsy based on Agg, as well as based on the Cys/Aggy ratio
indicate that measured Agy was similar to Agpioay, but that increased toxicity occurred. These two

molecules are not likely to strongly complex Ag'. However, both NDB as a surfactant and DEX as
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a solvent may increase membrane permeability, thus facilitating Ag" uptake or even leading to the
uptake of AgNP [45,46]

Role of dissolved Ag" and of AgNP coatings. These results thus confirm the predominant role
of dissolved Ag for toxicity of AgNP, as also demonstrated in other studies with algae [5, 26], as

(23] and bacteria ', Furthermore, Ag uptake in C. reinhardtii from AgNP

well as with nematodes
has been shown to be dependent on dissolved Ag, and no evidence of substantial AgNP uptake
was found [ %! The role of AgNP coatings in toxicity to algae appears thus to be only minor in

acting as an intermediate reservoir of Ag" which may subsequently be released, and in modulating

interactions of AgNP with algae, which may lead to further release of Ag".
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FIGURE LEGENDS

Figure 1. Concentration-response curves of photosynthetic yield after 1 h of exposure to
differently coated AgNP and to AgNO; as a function of measured total Ag. The dashed line
indicates 50% of the control value. Photosynthetic values are expressed as the percentage of the

control.

Figure 2. Concentration-response curves of photosynthetic yield after 1 h of exposure to
differently coated AgNP, as a function of measured dissolved Agy. The dashed line indicates 50%

of the control value. Photosynthetic values are expressed as the percentage of the control.

Figure 3. ECs( values expressed as measured total Ag (A) and as measured Agq (B) as a function

of particle size.

Figure 4. Effect of different concentrations of cysteine on the effect of three differently coated
AgNP (CO3, PVP, CHI; concentrations are indicated in the legend) on photosynthetic yield.

Photosynthetic values are expressed as the percentage of the control.
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Figure S1. Example of the calculation of the cysteine required to abolish the toxicity of AgNPs.
Figure S2. Influence of Cysteine on Z- potential and size of differently coated AgNPs.

Figure S3. Influence of cysteine on Ag dissolution from the different AgNPs

Calculation S1. Agy adhered by the algae
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350 TABLES
351
Coating Chemical family Total Ag (mM) | Size (hm) | (Pot. (mV) | %ofAga1h | % of Agd 2h
Carbonate (CO3) Carbonates 9.27 40+0.5 -36 £3.2 0.7+01 0.8+0.1
Chitosan (Chi) Polypeptide+sugar 4.93 25+17 5117 3.7+0.2 4.9+0.1
Citrate (Cit) Carboxylic acid 11.25 17+0.9 2933 1.1+0.04 1.4 +0.03
Dexpanthenol (Dex) Peptide (imides) 11.42 456 + 200 -3.8+23 125+0.69 | 11.5+0.18
Gelatine (Gel) Polypeptide 4.79 52+2.8 6.8+3.0 14+01 24+0.1
Lactate (Lac) Carboxylic acid 11.35 35+14.8 -35+15 92+2 13.2+3.8
Na-dodecylbenzenesulfonate (NDB) Detergent 2.80 45+3.3 -29+2.0 1.9+01 41+25
Polyetheleneglycol (PEG) Hydroxi-alcohol polymer 11.88 70+8.3 5.5+24 16.2+24 155423
Polyvinyl poly pyrrolidone (PVP) Hydrocarbons (alkenes) 10.67 84 +£40.0 6.3+ 3.1 19.6+0.6 19.8+15
352
353  Table 1. AgNP characteristics. Total Ag measured in AgNP stock solutions, average AgNP size,
354 (- potential, and Agy (as percentage of total Ag) measured in AgNP suspensions 1 and 2 h after
355  dilution in 10 mM MOPS, pH 7.5.
356
A. Total Ag B. Dissolved Ag
AgNP ECso (uM) at 1h | ECso Ratio | p-value ECso (uM) ECso Ratio | p-value
AgNO; 0.18+0.03 - - 0.176 +0.029 - -
CO3 2.92 +0.66 6.01E-02 0.000 0.029 +0.007 6.0 0.004
CHI 3.25+0.62 5.40E-02 0.000 0.122 +0.024 1.4 0.240
CIT 5.25+0.38 3.34E-02 0.000 0.059 +0.004 2.9 0.000
DEX 0.28 +0.05 6.35E-01 0.021 0.035 +0.006 5.1 0.001
GEL 4.72 +0.86 3.72E-02 0.000 0.068 +0.012 2.6 0.016
LAC 2.02+£0.26 8.71E-02 0.000 0.140 +0.018 1.2 0.348
NDB 3.76 £ 0.33 4.66E-02 0.000 0.054 +0.005 3.2 0.000
PEG 1.19+0.09 1.47E-01 0.000 0.160 +0.012 1.1 0.626
PVP 0.79 £ 0.06 2.23E-01 0.000 0.155 +0.012 1.1 0.529
357
358
359  Table 2: ECsy values (1 h) and standard error of all AgNP calculated based on measured total (A)
360 and measured Ag) concentrations (B), and ratio of ECsy of AgNO3 to ECsy of each AgNP. The
361  result of the statistical comparisons of ECsy values (as a function of Agy) of AgNOs relative to
362  coated AgNP is shown in the last column; if the ECs ratio significantly differs from 1 (p-value <
363  0.05), those ECsg values are significantly different.
364
365
366
367
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368

369
370

371

372

373

374

375

AgNP | Total Ag (uM) |  Agg (LM) Cysteine (uM) | Ratio Cys/Agq Cor;igied )E Cso
10aV.

AgNO3 0.50 0.500 0.595 1.19 0.21
COo3 2.98 0.021 0.306 14.67 0.43
CHI 3.25 0.120 0.316 2.63 0.32
CIT 3.20 0.035 0.130 3.69 0.22
DEX 1.52 0.190 0.369 1.94 0.07
GEL 5.17 0.072 0.599 8.28 0.56
LAC 2.02 0.186 0.327 1.76 0.25
NDB 3.77 0.072 0.072 1.01 0.05
PEG 1.19 0.193 0.593 3.08 0.48
PVP 0.78 0.153 0.270 1.74 0.27

Table 3. Total Ag concentrations at which algae have been exposed, measured concentration of
Agq , estimated cysteine concentration that completely prevents the toxicity of each AgNP, ratio of
cysteine to measured Agy and ECsy values corrected as function of estimated Agpioay. This has

been calculated multiplying the EC50 values as a function of Agy (from Table 2B) by the

cysteine/Agq ratio.
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Species Stoich. Matrix Log K Conc. (mol/1) Log conc.
Ag+ 100 0.00E+00 4.52E-11 -1.03E+01
AgCysH 111 2.27E+01 5.00E-07 -6.30E+00
Ag(CysH)2- 122 3.67E+01 1.10E-11 -1.10E+01
Cys2- 010 0.00E+00 7.12E-12 -1.12E+01
CysH- 011 1.08E+01 1.39E-08 -7.86E+00
CysH2 012 1.91E+01 8.61E-08 -7.07E+00
CysH3+ 013 2.08E+01 1.34E-13 -1.29E+01
H+ 001 0.00E+00 3.10E-08 -7.51E+00
Components Mode Initial Conc. In or out of system Case of
Ag+ total 5.00E-07 AgNO3
Cys2- total 6.00E-07

H+ free 3.10E-08 7.17E-07

Species Stoich. Matrix Log K Conc. (mol/I) Log conc.
Ag+ 100 0.00E+00 1.64E-09 -8.78E+00
AgCysH 111 2.27E+01 2.98E-07 -6.53E+00
Ag(CysH)2- 122 3.67E+01 1.08E-13 -1.30E+01
Cys2- 010 0.00E+00 1.17€-13 -1.29E+01
CysH- 011 1.08E+01 2.29E-10 -9.64E+00
CysH2 012 1.91E+01 1.41E-09 -8.85E+00
CysH3+ 013 2.08E+01 2.20E-15 -1.47E+01
H+ 001 0.00E+00 3.10E-08 -7.51E+00
Components Mode Initial Conc. In or out of system Case of
Ag+ total 3.00E-07 - AgNO3
Cys2- total 3.00E-07 -

H+ free 3.10E-08 3.32E-07

Species Stoich. Matrix Log K Conc. (mol/I) Log conc.
Ag+ 100 0.00E+00 7.75E-12 -1.11E+01
AgCysH 111 2.27E+01 6.00E-08 -7.22E+00
Ag(CysH)2- 122 3.67E+01 9.26E-13 -1.20E+01
Cys2- 010 0.00E+00 4.98E-12 -1.13E+01
CysH- 011 1.08E+01 9.74E-09 -8.01E+00
CysH2 012 1.91E+01 6.03E-08 -7.22E+00
CysH3+ 013 2.08E+01 9.36E-14 -1.30E+01
H+ 001 0.00E+00 3.10E-08 -7.51E+00
Components Mode Initial Conc. In or out of system Case of
Ag+ total 6.00E-08 - CIT-AgNP
Cys2- total 1.30E-07 -

H+ free 3.10E-08 2.21E-07
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Species Stoich. Matrix Log K Conc. (mol/1) Log conc.
Ag+ 100 0.00E+00 2.71E-11 -1.06E+01
AgCysH 111 2.27E+01 5.40E-08 -7.27E+00
Ag(CysH)2- 122 3.67E+01 2.15E-13 -1.27E+01
Cys2- 010 0.00E+00 1.28E-12 -1.19E+01
CysH- 011 1.08E+01 2.51E-09 -8.60E+00
CysH2 012 1.91E+01 1.55E-08 -7.81E+00
CysH3+ 013 2.08E+01 2.41E-14 -1.36E+01
H+ 001 0.00E+00 3.10E-08 -7.51E+00
Components Mode Initial Conc. In or out of system Case of
Ag+ total 5.40E-08 e NDB-AgNP
Cys2- total 7.20E-08 -

H+ free 3.10E-08 1.19E-07

Table S1. Ag" speciation calculations examples using ChemEQL 3.0 (Miiller, 1996) First scenario show
that a slight excess of cysteine concentrations (0.6 cysteine vs 0.5 AgNQ;), already resulted in
extremely low Ag" concentrations (4.5E-11). In the second case, even at an equimolar scenario (0.3 for

both compounds), the amount of Ag” is around 1E-9.

REFERENCES

Miller, B. ChemEQL, a program to calculate chemical speciation; Swiss Federal Institute of Aquatic

Science and Technology, Eawag: Kastanienbaum, CH-6047, 1996.
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Reaction log K Reference
Ag +Cys” +H" S AgCysH 22.7 {
Ag +2Cys” +2H" 5  Ag(CysH), 36.7
Ag ' +H,0 S AgOH+H" -12
Ag"+2H,0 5 Ag(OH), +2H" -24
Cys" +H' S CysH 10.8 2
Cys" +2H" S CysH, 19.1
Cys" +3H 5 CysH; 20.8

(1)Adams, N. W. H.; Kramer, J. R. Potentiometric determination of silver thiolate
formation constants using a Ag,S electrode. Aquat. Geochem. 1999, 5, 1-11.
(2) Martell, A. E.; Smith, R. M.; NIST Standard Reference Database 46, 2001.

Table S2. Stability constants used to calculate the Ag" concentrations at equilibrium with cysteine.
Constants for AgCysH and Ag(CysH), are calculated from (1) after J. Kramer (personal communication,
2007).
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AgNP

Exp. Number coating (AgNP) uM (Cysteine) nM
Exp 1 all AgNP 2
Exp 2 PEG 001,005,041, 05,1, 2,5,20
Exp 3 PEG 001,005,041, 05,1, 2,5,20
Exp 4 LAC 0.01,005,01,05,1,2,5,20
Exp5 LAC 0.01,005,01,05,1,2,5,50
Exp 6 LAC 0.01,005,01,05,1,2,5,50
Exp7 PEG 001,005,041, 05,1, 2,5,20
Exp 8 PEG 001,005,041, 05,1, 2,5,20
Exp 9 GEL 01,05, 1,2, 5, 20, 50, 100
Exp 10 GEL 01,05, 1,2, 5, 20, 50, 100
Exp 11 GEL 01,05, 1,2, 5, 20, 50, 100, 200, 500
Exp 12 CHI 01,05, 1, 2,5, 20, 50, 100
Exp 13 CHI 01,05, 1, 2,5, 20, 50, 100
Exp 14 CHI 01,05, 1, 2,5, 20, 50, 100
Exp 15 PVP 0.05,0.1,05,1, 2,5, 20, 50
Exp 16 PVP 0.1,05,075,1,15,1.75,2,5
Exp 17 PVP 0.1,05,075,1,15,1.75,2,5
Exp 18 Lgf;gj,'ggi' 216, 4.2, 2.84, 0.78, 1.3 respectively 500
Exp 19 co3 10 0, 10, 20, 50,100,150,200, 350, 500
Exp 20 GEL 10 0, 10, 20, 50,100,150,200, 350, 500
Exp 21 PVP 10 0, 10, 20, 50,100,150,200, 350, 500
Exp 22 o3 298 0, 10, 20, 50,100,150,200, 350, 500
Exp 23 PVP 078 0, 10, 20, 50,100,150,200, 350, 500
Exp 24 PEG 13 0, 10, 20, 50,100,150,200, 350, 500
Exp 25 PVP 078 0, 10, 20, 50,100,150,200,300, 350, 500
Exp 26 PEG 13 0, 10, 20, 50,100,150,200,300, 350, 500
Exp 27 o3 298 0, 10, 20, 50,100,150,200,300, 350, 500
Exp 28 PVP 078 0, 10, 20, 50,100,150,200,300, 350, 500
Exp 29 co3 298 0, 10,50,100,150,200, 300, 500
Exp 30 co3 298 0, 10,50,100,150,200, 300, 500
Exp 31 PVP 078 0, 10,50,100,150,200, 300, 500
Exp 32 PEG 13 0, 10,50,100,150,200, 300, 500
Exp 33 LAC 216 0, 10,50,100,150,200, 300, 500
Exp 34 CHI 284 0, 10,50,100,150,200, 300, 500
Exp 35 cr 01,05,0.75,1,15,1.75,2, 5
Exp 36 cr 01,05,0.75,1,15,1.75,2, 5
Exp 37 cr 01,05,0.75,1,15,1.75,2, 5
Exp 38 DEX 0.01,005,01,05,1,2,5,20
Exp 39 DEX 0.01,005,01,05,1,2,5,20
Exp 40 DEX 001,005,041, 05,1, 2,5,20
Exp 41 CHI 284 0, 10,50,100,150,200, 300, 500
Exp 42 CHI 2.84 0, 10,50,100,150,200, 300, 500
Exp 43 LAC 2.16 0, 10,50,100,150,200, 300, 500
Exp 44 CHI 2.16 0, 10,50,100,150,200, 300, 500
Exp 45 CHI 284 0, 10,50,100,150,200, 300, 500
Exp 46 CHI 284 0, 10,50,100,150,200, 300, 500
Exp 47 CHI 2.84 0, 10,50,100,150,200, 300, 500
Exp 48 LAC 2.16 0, 10,50,100,150,200, 300, 500
Exp 49 DEX 029 0, 10,50,100,150,200, 300, 500
Exp 50 DEX 029 0, 10,50,100,150,200, 300, 500
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Exp 51 DEX 0.29 0, 10,50,100,150,200, 300, 500
Exp 52 CIT 3.53 0, 10,50,100,150,200, 300, 500
Exp 53 CIT 3.53 0, 10,50,100,150,200, 300, 500
Exp 54 CIT 3.53 0, 10,50,100,150,200, 300, 500
Exp 55 CIT 3.53 0,2,5,10, 20, 50,100, 200
Exp 56 CIT 3.53 0,2,5,10, 20, 50,100, 200
Exp 57 CIT 3.53 0,2,5,10, 20, 50,100, 200
Exp 58 DEX 0.29 0,2,5,10, 20, 50,100, 200
Exp 59 DEX 0.29 0,2,5,10, 20, 50,100, 200
Exp 60 DEX 0.29 0,2,5,10, 20, 50,100, 200
Exp 61 NDB 0.1,05,1, 5, 20, 50, 100, 200

Exp 62 NDB 0.1,05,1, 5, 20, 50, 100, 200

Exp 63 NDB 0.1,05,1,5, 20, 50, 100, 200

Exp 64 NDB 3.77 0, 10,50,100,150,200, 300, 500
Exp 65 NDB 3.77 0, 10,50,100,150,200, 300, 500
Exp 66 NDB 3.77 0, 10,50,100,150,200, 300, 500
Exp 67 LAC 0,0.02,2,40

Exp 68 DEX 1 0, 10,50,100,150,200, 300, 500
Exp 69 DEX 1 0, 10,50,100,150,200, 300, 500
Exp 70 DEX 1 0, 10,50,100,150,200, 300, 500
Exp 71 GEL 5 0, 20,50,100,150,200, 350, 500
Exp 72 GEL 10 0, 10,50,100,150,200, 300, 500
Exp 73 GEL 10 0, 10,50,100,150,200, 300, 500
Exp 74 GEL 10 0, 10,50,100,150,200, 300, 500
Exp 75 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 76 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 77 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 78 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 79 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 80 CIT 0,05,1,2,5,10, 15, 20, 30

Exp 81 CIT 0,0.5,1,5,10, 30, 50, 100

Exp 82 CIT 0,0.5,1,5,10, 30, 50, 100

Exp 83 CIT 0,0.5,1,5,10, 30, 50, 100

Table S3. List of experiments, detailing AgNP (nominal) and cysteine concentrations used; every
experiment was done using 3 replicates. In experiments using cysteine, a control algal treatment
without AgNP was used; the rest of algae were exposed to the fix AgNP concentration shown on the
third column and to the increasing cysteine concentrations shown in the fourth column. Different
AgNP and cysteine concentrations were used in order to obtain the better concentration-response

curve possible for modeling purposes.
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Size St
Coating | Time | (conc) uM ave | dev Pdl | Stdev C | stdev
C03 1 920 402 | 05 04 | 42E-03 -36.0 | 3.2
C03 47 920 47 | 15 0.3 | 49E-03 -35.3 | 34
CHI 1 2.7 25.7 | 1.7 04 | 2.3E-03 511 1.7
CHI 2 2.7 231 | 06 04 | 1.3E-02 75| 13
CIT 1 5.2 177 | 09 06 | 3.2E-02 -294 | 33
CIT 2 5.2 205 | 14 06 | 1.8E-01 -266 | 24
DEX 1 0.2 456.1 | 200.1 0.7 | 7.5E-02 -39 | 23
DEX 2 0.2 994.9 | 999.7 0.8 | 1.8E-01 -1.0 | 0.7
GEL 1 10 523 | 2.8 0.3 | 4.7E-02 68 | 3.0
GEL 2 10 491 | 11 0.3 | 1.5E-03 96 | 58
GEL 1 50 408 | 05 0.2 | 47E-03 -321| 24
LAC 1 10 358 | 14.8 0.2 | 9.3E-02 26 | 0.1
LAC 2 10 448 | 4.8 04 | 2.1E-02 59 | 16
LAC 1 1 87.7 | 55.4 0.6 | 2.2E-01 -115] 15
LAC 1 5 505 | 1.8 06 | 1.1E-01 39| 25
NADBS 1 3.7 459 | 34 04 | 1.1E-01 -295| 2.0
NADBS 2 37 588 | 34 04 | 3.1E-02 176 | 2.1
PEG 1 10 709 | 83 0.3 | 7.8E-02 55| 25
PEG 2 10 828 | 15.8 04 | 2.2E-01 56 | 1.3
PEG 1 1 115.0 | 21.7 0.7 | 5.6E-02 311 04
PEG 1 5 301 | 11 0.5 | 1.2E-01 131 13
PVP 1 2.7 717 | 23.3 0.5 | 1.7E-01 6.3 | 32
PVP 2 2.7 97.0 | 127 04 | 1.8E-01 26 | 04

Table S4. Size in nm (including PDI) and - potential measurements. Standard deviations have been

calculated using, at least, three replicates. Time units are hours.

Table S5. The second column shows ECsq at 1 hour (error term is standard error) for all AgNP; the third
column shows the ratio between ECs (calculated as a total Ag) after 1 and 2 hours of exposure. The p-
values < 0.05 indicate ratios significantly different from 1 and thus time-related differences in toxicity
expressed as a function of total Ag. While algae exposed to AgNOs;, and AgNP coated with CHI, GEL,
LAC show very similar ECsq after 1 and 2 h of exposure; AgNP coated with CO3, CIT, DEX, NDB, PEG and

Total Ag

AgNP ECso (uM) at 1h —Egig;: p-value

AgNO; 0.176 + 0.029 1.1 0.561
Cc0o3 2.920 + 0.662 3.3 0.049
CHI 3.252 +0.628 1.2 0.616
CIT 5.250 + 0.378 0.7 0.016
DEX 0.276 £ 0.049 2.0 0.044
GEL 4.723 +0.866 09 0.729
LAC 2.017 +0.258 1.2 0.305
NDB 3.765 £ 0.331 0.7 0.004
PEG 1.193 +0.092 1.6 0.004
PVP 0.788 + 0.062 1.3 0.099

PVP show a lower ECsq after 2 h.
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Figure S1. Example of the calculation of the amount of cysteine required to prevent the toxicity of a
certain amount of PVP coated AgNP to the photosynthetic yield of C. reinhardtii. Graph shows the
effect of increasing concentrations of cysteine to the photosynthetic yield. In this example, toxicity
data from PVP coated AgNPs were fitted to a four parameters logistic model, that was the one

showing the best fitting:

Algae exposed to 0.783 uM of AgNP coated with PVP
Using DataFit (Oakley)

y = min + (max-min)/(1 + (x/EC50)"(-Hillslope))

Model fit R sqr =0.91
(Cys nM) Yield Parameter | Value StdErr
270 100 min 25.25 4.663
max 110 7.036
EC50 84.04 14.42
Hillslope 1.725 0.5055

The PVP toxicity data model is show using a red dotted line in Figure S1. The calculated parameters are
shown in the table. These were later used for estimating the (Cys nM) that resulted in a value of 100%

of the photosynthetic yield:

Photosynthetic yield 100 = 25.25 + (110-25.5)/(1 + ( (cysteine)/84.04)*(-1.725))

In this case, the amount of cysteine that prevents the toxicity to the photosynthesis (i.e. value of 99.7

% of photosynthesis vs. control) is 270 nM.

Page S8



Zetapotential mV

0.0 !
-5.0 ! lI = — I
-10.0 T -
=
= 15.0 9.8
© i
g 200 ’
I3 -25.0 T
2 -30.0
1]
= -35.0
MJ
-40.0
-45.0
-50.0 _ :
Chi NaDBS Gel Dex PVP PEG Cit Lac
m no Cystein 278 374 403 50 7.9 44 215  -188

500nM Cystein  -19.7 -10.3 -26.9 -9.8 -5.6 -5.1 -5.9 -6.0

Size nm
2500.0
2000.0
k]
o 1500.0
s
£
=
@ 1000.0
il
v
g
500.0 I i _
0.0 - [ | |~ I [ | [ |
Chi NaDBS Gel Dex PVP PEG Cit Lac
W no Cystein 63.0 1043 955  631.7 3703 5233 838 94.6

500nM Cystein  81.3 267.4 101.3 1613.0 450.1 616.5 4406 3535

Figure S2. Influence of cysteine on (- potential and size of differently coated AgNP assessed at total Ag
concentrations corresponding to the ECsg values. These measurements have been carried out 2 years
after the original experiments. Thus absolute values were not considered in this new version of the
manuscript.
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Figure S3. Influence of cysteine on Ag dissolution from the different AgNPs used in this study. Previous
data obtained for 5 uM carbonate coated AgNP and different concentrations of cysteine shown that
after 1 h dissolution is increased at concentrations equal or higher to 1 uM cysteine. The methods used
here are those detailed in the paper; the Agy present in AgNPs suspensions (at the corresponding ECsg
values or at 2 uM as indicated in the legend of the last graph) with and without cysteine (500 nM) was
measured by Centrifugal ultrafiltration followed by ICP-MS.

These measurements have been carried out 2 years after the original experiments. Even if the absolute

values were not considered in this new version of the manuscript, the influence of cysteine in particle
dissolution has been included in the discussion.

Calculation S1. Agy ADHERED BY THE ALGAE
Example of calculation with data from Piccapietra’s paper (ref. 26):
For 2 uM AgNP intracellular Ag is 5x10™ mol Ly
With the cell volume Vo = 100 fL, Ag(intracellular) = 5x10™"" mol/cell
With 1.5x10° cells /L
Ag(cells) = 7.5x10™° mol/L

The cysteine wash would account for a factor 2-3 for dissolved Ag. Adsorbed AgNP are not
relevant in this calculation, as they may contribute to Ag-uptake by dissolution in contact with the

cells.
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