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Abstract: The rising concern about the potential toxicity of synthetic gold nanoparticles (AuNPs) in
aquatic environments requires a rigorous estimation of physico-chemical parameters of reactions
between AuNPs and major freshwater microorganisms. This study addresses the interaction of 10-nm
size, positively charged AuNPs with periphytic freshwater diatoms (Eolimna minima). The adsorption
experiments on viable cells were performed in 10 mM NaCl and 5 mM NaCl + 5 mM NaHCO3 solution
at a variable pH (3–10), at an AuNPs concentration from 1 µg/L to 10,000 µg/L, and an exposure time
from a few minutes to 55 days. Three types of experiments, adsorption as a function of time (kinetics),
pH-dependent adsorption edge, and constant-pH “Langmuirian” type isotherms, were conducted.
In addition, long-term interactions (days to weeks) of live diatoms (under light and in the darkness)
were performed. The adsorption was maximal at a pH from 3 to 6 and sizably decreased at a pH of 6
to 10. Results of adsorption experiments were modeled using a second order kinetic model, a Linear
Programming Model, Freundlich isotherm, and a ligand binding equation for one site competition.
The adsorption of AuNPs(+) most likely occurred on negatively-charged surface sites of diatom cell
walls such as carboxylates or phosphorylates, similar to previously studied metal cations. Under
light exposure, the AuNPs were stabilized in aqueous solution in the presence of live cells, probably
due to the production of exometabolites by diatoms. The adsorbed amount of AuNPs decreased after
several days of reaction, suggesting some AuNPs desorption. In the darkness, the adsorption and
assimilation were stronger than under light. Overall, the behavior of positively charged AuNPs at the
diatom–aqueous solution interface is similar to that of metal cations, but the affinity of aqueous AuNPs
to cell exometabolites is higher, which leads to the stabilization of nanoparticles in solution in the
presence of diatoms and their exudates. During photosynthetic activity and the pH rising above 9 in
the vicinity of diatom cells, the adsorption of AuNPs strongly decreases, which indicates a decreasing
potential toxicity of AuNPs for photosynthesizing cells. The present study demonstrates the efficiency
of a thermodynamic and kinetic approach for understanding gold nanoparticles interaction with
aquatic freshwater peryphytic microorganisms.
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1. Introduction

The rapid growth of the nanotechnology industry has led to the wide-scale production and
application of engineered nanoparticles (NP). They are increasingly used in industry, medicine, and
various consumer products such as cosmetics, sunscreens, textiles, and food [1], and are therefore
released into the environment with domestic sewage. Among different NP materials, gold is widely
used at both an industrial level and in biology. For example, gold nanoparticles have been used for the
development of real-time optical diagnoses, label-free detection, cellular tracking, tumor treatment, or
drug delivery [2,3]. As a result, gold nanoparticles (AuNPs) are progressively released in the air and
water via erosion, watershed, and industrial or hospital wastes, and these rejects progressively increase
each year [4,5]. Together with other nanoparticles in aquatic systems, AuNPs are also investigated
for their use as decontamination devices. For example, coagulation or flocculation techniques of
nanoparticles by organic molecules have been developed [6–8], and the efficiency of gold nanoparticles
as low-molecular-weight-chelators in aqueous suspensions has been demonstrated [9]. However,
their harmless nature has yet to be proven for living organisms in the natural environment. Different
research groups have shown that AuNPs exert moderate toxic effects on eukaryotic cells, on animal
models, and several organisms representing different levels of ecosystems [10], although these toxic
effects greatly depend on particle size and surface coating. It is known that these particles, and in
particular amine coated gold nanoparticles, are able to penetrate a high variety of cells [11,12], and are
recognized to be highly stable in aqueous solution [5]. At the moment, the impact of AuNPs towards
aquatic organisms in terms of toxicity and trophic transfer [13] is poorly characterized. Thus, despite
their a priori inert character, several studies have already highlighted their toxic properties and notably
their capability to generate oxidative stress [10,13–18]. In order to understand the impact of AuNPs on
freshwater microbial ecosystems, the adsorption of AuNPs on cell surfaces should be studied as the
first step before AuNPs internalization.

Gold nanoparticles pollution in freshwater environments is an issue of rising concern [19,20].
The emergency of European river pollution by industrially produced and domestically and
commercially used AuNPs calls for a need to rationalize the interaction of these new potentially
toxic substances with dominant microorganisms of freshwater ecosystems, such as periphytic diatoms.
Adsorption and assimilation of metals, and by analogy, of nanoparticles by aquatic microorganisms,
are considered as one of the major process controlling the fate of micro pollutants in the environment.
It is known that the first step in a toxicant uptake by biota is the adsorption of NPs on external layers
of the cell wall. Thus, numerous studies have been devoted to the quantification and thermodynamic
modeling of reversible metal cation adsorption on the cell wall of aquatic microorganisms [21–24].
Extensive research over past decades has provided a comprehensive picture of metal binding to cell
walls of most model aquatic microorganisms, including autotrophic and heterotrophic bacteria and
diatoms [25–33]. However, there is no study, to our knowledge, of AuNPs interaction with freshwater
periphytic diatoms.

Therefore, the first goal of the present work was to quantify the stability of AuNPs in solution
and characterize the adsorption capacities of freshwater diatoms with respect to AuNPs under
controlled laboratory conditions. In order to model the adsorption equilibria, performing both
pH-dependent adsorption edge and metal-dependent (constant-pH) adsorption experiments is crucial
for the robustness of the metal adsorption model, because only by independently varying both pH and
metal concentration can one rigorously constrain the number and chemical nature of sites involved
in metal binding under variable environmental conditions. The second goal of this study was to
characterize the long-term (days to weeks) interaction of AuNPs with live diatom cells to assess
the effect of prolonged exposure of diatoms to nanopollutants. Overall, this study should allow a
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physico-chemical level understanding of basic environmental processes which control the uptake of
the NP pollutant by diatoms and thus contribute to the development of reliable predictive models
describing the impact of nanopollutants on aquatic ecosystems.

2. Materials and Methods

2.1. Diatom Cultures

Monospecific diatom cultures were developed from laboratory strains to produce a biomass
of freshwater periphytic Eolimna minima (EOMI), as described previously [31,34–37]. Diatoms were
cultured to a concentration of ~107 cell/L at 20 ◦C in a sterile Dauta freshwater medium [38] at
pH ~7.7–7.8. Before the adsorption experiments, diatoms were rinsed three times in 0.01 M NaCl
electrolyte solution using centrifugation at 2200× g (~400 mL of solution for 1 g of wet biomass).
The biomass of the diatoms was quantified by its wet (centrifuged 15 min at 4500× g) and dry
(lyophilized or freeze dried) weight. Before the adsorption experiment, biomass was removed from
the support and rinsed three times in appropriate electrolyte solution using centrifugation at 4500× g
(~500 mL of solution for 1 g of wet biomass) to remove, as possible, the adsorbed ions and organic cell
exudates from the surface.

2.2. AuNPs Synthesis and Characterization

AuNPs were synthetized following the procedure of Baudrimont et al. [14] to produce spherical
and monodispersed nanoparticles. Surfaces were functionalized with heterobifunctional poly(ethylene
oxide) macromolecules bearing a thiol group (-SH) in positionω, and a primary amino group (-NH2)
in position α. The thiol groups enable the anchoring of the macromolecule to Au surface sites, while
amino groups provide the cationic character of the nanoparticle surface in acid and neutral media.
The grafting density was 3.33 molecules/nm2, corresponding to 1 mg of functionalized AuNP to a
mass of 5.48 µg of S. A nanoparticle stock solution of a 10.0 ± 0.5 nm average diameter, determined by
transmission electron microscopy, and 3.34 × 1017 AuNP+/L equivalent to 3.264 g/L concentration,
was diluted to various degrees for diatom adsorption and assimilation experiments.

2.3. Short Term AuNPs Adsorption

In order to provide a quantitative description of AuNPs binding onto diatom surfaces, two types
of adsorption experiments were conducted: (i) adsorption at a constant initial metal concentration as a
function of pH (pH-dependent adsorption edge); and (ii) adsorption at a constant pH as a function
of metal concentration in solution (Langmuirian-like isotherm). In order to assess the environmental
parameters controlling the interaction of AuNPs with diatom surfaces, effects of biomass concentration
and light exposure were also investigated. Adsorption experiments were conducted at 25 ± 0.5 ◦C in a
continuously agitated diatom suspension of 0.01 M NaCl solution or 0.005 M NaCl + 0.005 M NaHCO3

using 30 mL sterile Teflon (PTFE) containers. All manipulations were conducted in the laminar hood
box. The pH-dependent adsorption edges were measured after 2 h of exposure in the dark in order to
prevent cell growth and metabolic activity. The pH was adjusted using either NaOH or HCl. Sodium
bicarbonate buffer was added to a concentration of 0.005 M in order to keep the pH constant during
Langmuirian adsorption isotherm measurements. For all experiments, sterile de-ionized water (Milli-Q,
18.3 MΩ) purged of CO2 by N2 bubbling was used. At the end of the experiment, the suspension
was centrifuged and the resulting supernatant filtered through a 0.22 µm Nylon filter, acidified with
ultrapure bi-distilled HCl, and stored in the refrigerator before the analysis. The concentration of AuNPs
adsorbed on diatoms was calculated by subtracting the concentration of AuNPs in the supernatant from
the original amount of metal added in the solution. To account for AuNPs adsorption on the reactor’s
walls, supernatants obtained from diatom suspensions were conditioned at 3 ≤ pH ≤ 9 and the same
concentration of added AuNPs as in cell adsorption experiments. After 2 h, no significant decrease of
initial Au concentration was detected upon filtration, indicating the absence of AuNPs adsorption on
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the reactor walls and Au hydroxide formation in solutions. Only at pH > 6 and [AuNPs]t > 100 µg/L
was a ~30% decrease of AuNPs concentration in blank experiments observed. This was taken into
account when calculating the net adsorption yield.

The adsorption of AuNPs on EOMI diatoms was studied as a function of time (0–3 h and 1–55 days),
pH (3–10), and AuNPs concentration in solution (1–1000 µg/L). Although this range of concentration
exceeded that of real cases found in contaminated environments linked to industrial and hospital
waste, the concentration of diatoms used in our experiments was also several orders of magnitude
higher than that encountered in freshwater aquatic environments, so that the ligand to metal ratio in
the experiments was similar to that in natural settings. For all of these studies, the cell supernatant
obtained after three rinses of cells in the experimental electrolyte solution was considered as a blank.
The biomass was kept constant at 0.2 or 0.5 gwet/L. The experiments were carried out under permanent
stirring and in the darkness at 25 ± 1 ◦C. The contact time was 60 min for pH-edge and langmuirian
experiments. In addition, langmuirian adsorption experiments were conducted at a variable initial
concentration of AuNPs (1–700 µg/L) over 1 and 24 h of exposure time. All these experiments were
carried out in duplicate.

2.4. Long Term AuNPS Assimilation

Long-term interaction of AuNPs with live diatom cells, also run in duplicates, was studied
during one to 55 days of reaction, at 20 µg/L of added AuNPs, 1 and 10 gwet/L of biomass, and
a pH of 8.6 ± 0.3 maintained by a mixture of 0.005 M NaCl + 0.005 M NaHCO3. Another series
of experiments were conducted under light and in the darkness, over 20 days of exposure, and an
initial concentration of added AuNPs of 100 µg/L. For this, semi-transparent Teflon bottles with
AuNPs-bearing solution and diatom cells were gently agitated on a ping-pong shaker at 22 ± 1 ◦C.
The bottles were aerated using Biosilico porous caps. Over long-term exposure of diatoms to AuNPs,
an optical microscope examination of cells at the end of experiment demonstrated that the cells
remained intact and undeformed, with chloroplasts well-preserved, and some cells were in a state
of division.

2.5. Analyses

All filtered solutions were analyzed for Au using graphite furnace atomic absorption (Perkin
Elmer AAnalyst 600 spectrophotometer, Perkin Elmer, Waltham, MA, USA) with an uncertainty of
±5% and a detection limit of 0.1 µg Au/L. For Au concentrations lower than 1 µg/L, analyses were
performed by Quadrupole ICPMS-Agilent 7500ce (Agilent, Santa Clara, CA, USA) with an uncertainty
of 5% and a detection limit of 0.01 µg/L. Values of pH were measured using a Mettler Toledo®

(Mettler, Greifensee, Switzerland) combined electrode, with an accuracy of ±0.01 pH unit. Dissolved
Organic Carbon (DOC) was analyzed using a Carbon Total Analyzer (Shimadzu TOC-6000, Shimadzu,
Nakagyō-ku, Japan) with an uncertainty of 3% and a detection limit of 0.1 mg/L.

2.6. Modeling

In agreement with available surface titration and spectroscopic data on peryphytic diatoms [26,27,30],
we hypothesized that the major metal- and proton-active sites on the diatom cell surface are carboxyl,
phosphoryl, phosphodiester, and amine moieties. In order to assess the metal binding strength and
capacity of the biofilm surface functional groups, pH-dependent adsorption edge and constant-pH
adsorption edge data were modeled using several adsorption models such as the ligand binding
equation for a single site competition (pH-dependent), a Linear Programming Model approach (LPM),
and Freundlich isotherm for constant-pH adsorption, as presented previously by Martinez et al. [27]
and recently applied for modeling the metal cations binding to cyanobacteria [39], phototrophic
bacteria [40], soil bacteria [41], and diatom [42] surfaces. To model the pH-dependence of AuNPs
adsorption, a ligand binding equation for a single site competition was applied (Equation (1)):
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y = min +
(max−min)(

1 + 10pH−log EC50
) (1)

where y is the adsorbed AuNPs; min represents the non-specific binding sites with the same
concentrations of y; max represents the maximum binding sites with the same concentration of y;
and log EC50 is the pH at which 50% of AuNPs were adsorbed.

The constant-pH adsorption experiments were fitted to an LPM model. Here, the linear
programming regression techniques automatically minimize the number of binding sites and the
absolute error, e = [AunPsB+]T,calc,i − [ AuNPsB+]T,i, rather than the least squares. This approach
finds one global minimum for the error function, which emphasizes zero as a possible solution and
avoids convergence problems such as those found in FITEQL where the solution could be a local
minimum [26]. Therefore, the adsorption equation can be considered as Equation (2):

AuNPs+ + B−j
Km,j↔ AuNPsB+

j (2)

where, Bj represents a specific surface functional group and Km,j the apparent metal-ligand binding
constant conditional on ionic strength. For a j-th deprotonated functional group at a fixed pH value,
Km,j can be defined as:

Km,j =
[AuNPsB+

j ]i
[AuNPs+]meas,i[Bj]i

(3)

where i = 1 . . . n represents ligand additions and j = 1 . . . m indicates binding sites. In the above
expression, Km,j is a function of experimentally determined metal concentrations, ([AuNPs+]meas,i) and
of the amount of AuNPs+ bound to the j-th site as a function of increasing biomass and at a fixed pH
value, [AuNPsB+

j]i.
In addition, the constant-pH adsorption was also modeled by using the Freundlich isotherm

described by Equation (4):

log[AuNPs]adsorbed = log kF +

(
1
n

)
log[AuNPs]solution (4)

where kF and n are the characteristics parameters of the adsorption reaction on the diatoms.

3. Results

3.1. Short-Term Kinetics of Adsorption

The kinetic experiments were carried out in the presence of 0.2 and 0.5 gwet/L diatoms at a
constant pH of 6.4 ± 0.1 and low (4–9 µg/L; Figure 1A) and high (111–115 µg/L; Figure 1B) initial
AuNPs concentrations. These results demonstrated that the adsorption of AuNPs was higher when the
higher biomass was used. Note that at a high initial AuNPs concentration, there was no significant
difference between the two initial diatom biomasses. It can be seen that 85% of the total amount is
adsorbed during the first 100 min of the reaction.

The results were fitted to a second order rate equation (Equations (5) and (6)):

d[AuNPs]
dt

= −k[AuNPs]2 (5)

1
[AuNPs]

=
1

[AuNPs]0
+ kt (6)

The half-life time of adsorbed AuNPs is defined by Equation (7):
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t1/2 =
1

k[AuNPs]0
(7)

The second order rate constants in 0.01 M NaNO3 and the half-life times of AuNPs in the presence
of diatom at two different biomasses are listed in Table 1.

Table 1. Parameters of second order rate equation (Equation (6)) of AuNPs adsorption onto EOMI.

Experiment Initial AuNPs (µg·L−1) k (L·µg−1·min−1) t1/2 (min)

low AuNPs and 0.2 gwet/L EOMI 3.60 7.50 × 10−3 37.0
low AuNPs and 0.5 gwet/L EOMI 8.50 1.05 × 10−2 11.2
high AuNPs and 0.2 gwet/L EOMI 115 4.00 × 10−4 21.8
high AuNPs and 0.5 gwet/L EOMI 111 4.00 × 10−4 22.5
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Figure 1. Short-term adsorption kinetics of AuNPs onto 0.2 and 0.5 gwet/L of diatoms EOMI,
at two initial AuNPs concentrations (3.6–8.5 µg AuNPs/L (A) and 111–115 µg AuNPs/L (B)) under
darkness at pH of 6.4 ± 0.1. The error bars are within the symbol size unless shown. They correspond
to standard deviation of duplicates.

3.2. Dependence of Adsorption of pH

The stability of AuNPs was studied as a function of pH (2.1–12) in 0.01 M NaCl and supernatant
produced after rinsing the diatom suspension three times, which was in contact with 0.01 M NaCl for
60 min (Figure 2). The presence of dissolved organic matter (DOM) at concentrations of 0.4 to 0.6 mg
DOC/L in solution stabilized AuNPs in solution in the whole range of studied pH (Figure 2), as it
has also been demonstrated in laboratory experiments [43,44]. The concentration of AuNPs was three
times lower in 0.01 M NaCl compared to that in the supernatant of diatom cultures. The concentration
of AuNPs decreased by ca. 15 µg/L at pH from 3 to 12, but decreased three-fold and then remained
relatively constant or increased in the NaCl electrolyte.
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Figure 2. The concentration of AuNPs measured after 60 min in 0.01 M NaCl and in diatom supernatant
obtained after reaction with 0.5 gwet/L of biomass. The initial concentration of AuNPs in both cases
was 60 µg/L. The error bars are within the symbol size unless shown. They correspond to standard
deviation of duplicates.



Minerals 2018, 8, 99 7 of 15

A plot of the percentage of adsorbed AuNPs as a function of pH demonstrated that the adsorption
of AuNPs decreased with an increase in pH, which was especially visible at a pH of 6 to 12 (Figure 3).
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Net adsorption of AuNPs at the diatom surface is due to competition with H+ for
negatively-charged anionic surface sites (phosphorylates, sulphides), as it is fairly well established for
divalent metals interacting with diatoms [31,34] and various bacteria [45]. The desorption with the
increase of pH may be due to competition between aqueous ligands complexing AuNPs+ particles and
surface site moieties.

The hypothesized complexation between AuNPs and aqueous organic ligands at a pH above 6
is consistent with ca. 50%-increase in DOC concentration in alkaline solutions in these experiments
(Figure 4):

Minerals 2018, 8, x FOR PEER REVIEW  7 of 15 

 

A plot of the percentage of adsorbed AuNPs as a function of pH demonstrated that the 
adsorption of AuNPs decreased with an increase in pH, which was especially visible at a pH of 6 to 
12 (Figure 3). 

(A) (B) 

Figure 3. (A) The final concentration of AuNPs measured after 60 min in cell-free supernatant and in 
contact with 0.2 and 0.5 gwet/L of diatoms; and (B) the percentage of adsorbed AuNPs as a function of 
pH. The error bars are within the symbol size unless shown. They correspond to standard deviation 
of duplicates. 

Net adsorption of AuNPs at the diatom surface is due to competition with H+ for negatively-
charged anionic surface sites (phosphorylates, sulphides), as it is fairly well established for divalent 
metals interacting with diatoms [31,34] and various bacteria [45]. The desorption with the increase of 
pH may be due to competition between aqueous ligands complexing AuNPs+ particles and surface 
site moieties. 

The hypothesized complexation between AuNPs and aqueous organic ligands at a pH above 6 
is consistent with ca. 50%-increase in DOC concentration in alkaline solutions in these experiments 
(Figure 4): 

 
Figure 4. DOC concentration in experiments with 0.2 and 0.5 gwet/L of EOMI diatoms after 60 min of 
exposure to 60 µg/L of AuNPs during 60 min. The error bars (s.d. of duplicates) are within the symbol 
size unless shown. 

Another series of pH-edge experiments (Figure 5) were fitted in Sigmaplot using a Ligand 
binding equation for one site competition. This and the previously described result may have 
important consequences for understanding the AuNPs interaction with photosynthesizing diatoms 
cells. It is possible that during the active phase of photosynthesis, during the day, when the pH in the 
pristine water layer surrounding the cells rises above 9, the diatoms will release AuNPs that were 

Figure 4. DOC concentration in experiments with 0.2 and 0.5 gwet/L of EOMI diatoms after 60 min of
exposure to 60 µg/L of AuNPs during 60 min. The error bars (s.d. of duplicates) are within the symbol
size unless shown.

Another series of pH-edge experiments (Figure 5) were fitted in Sigmaplot using a Ligand
binding equation for one site competition. This and the previously described result may have
important consequences for understanding the AuNPs interaction with photosynthesizing diatoms
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cells. It is possible that during the active phase of photosynthesis, during the day, when the pH in
the pristine water layer surrounding the cells rises above 9, the diatoms will release AuNPs that were
adsorbed at the cell surface during the dark phase of photosynthesis at night, at a lower pH than
the surrounding medium. The pH 9.0 ± 0.5 is a threshold value where 50% of the initial AuNPs
were desorbed. The model fit parameters with R2 = 0.91 and Standard Error of Estimation 0.06
are listed in Table 2. No duplicates were run for these adsorption experiments; however, a large
number of data points in adsorbed Au as a function of pH allowed an adequate estimation of relative
experimental reproducibility.

Table 2. The model fit parameters of Equation (1) of AuNPs adsorption onto diatoms.

Parameter Coefficient Std. Error

min 11.69 0.189
max 12.77 0.0118

log EC50 9.81 0.142
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3.3. Langmuirian Adsorption at Constant pH, as a Function of AuNPs in Solution

The stability of AuNPs was studied as a function of initial AuNPs concentration, for both 0.01 M
NaCl and diatom cell supernatant. The contact time was 60 min.

The concentration of AuNPs increased linearly as a function of the concentration of AuNPs added
to the solution. The loss of AuNPs was negligible for concentrations lower than 100 µg/L and it is
more important for the higher concentrations (500 µg/L), as illustrated in Figure 6. Note that further
experiments are necessary to discriminate the fraction that was precipitated during these stability tests.
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diatoms. The loss of AuNPs in blank experiments is 45% smaller in cell supernatant compared to the
inert electrolyte (0.01 M NaCl). The error bars are within the symbol size unless shown.
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The adsorption of AuNPs on diatoms was also studied for two initial biomass, 0.2 and 0.5 gwet/L,
as a function of AuNPs in solution at a constant pH of 6.0, as illustrated in Figure 7.
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Another set of experiments were performed to understand the adsorption of AuNPs onto diatoms
after a 2 h exposure time and in the presence of 10 gwet diatom/L in 5 mM NaCl and 5 mM NaHCO3

(Figure 8). The adsorption of AuNPs also increased as a function of AuNPs in solution. The adsorption
data were modelled using the Freundlich isotherm with the parameters listed in Table 3.
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Figure 8. Low–range adsorption of AuNPs onto EOMI diatoms: concentration of adsorbed AuNPs
at the surface of EOMI cells after 2 h mixing in 5 mM NaCl + 5 mM NaHCO3 at pH = 8.50 ± 0.05.
The solid line is a fit to the data using the Freundlich isotherm.

Table 3. Freundlich isotherm parameters for the adsorption of AuNPs on EOMI diatom as a function of
AuNPs in solution. Dry biomass was always 10 gwet/L.

Medium pH Contact Time (h) log kF kF (mol/L) 1/n n (mol/L)

5 mM NaCl + 5 mM NaHCO3 8.56 ± 0.05 2 −0.459 0.347 0.696 1.436

10 mM NaCl
7.40 ± 0.06 1 0.621 4.177 1.115 0.897
7.10 ± 0.06 24 0.035 1.085 1.014 0.986

The adsorption of AuNPs on EOMI surfaces was studied after 1 and 24 h of reaction at pH = 7.2± 0.2
in 0.01 M NaCl (Figure 9). It can be seen that the adsorption equilibrium was achieved within 1 h of
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reaction, because there was no significant (p < 0.05) difference in the amount of adsorbed AuNPs after
1 and 24 h of reaction. The LPM fit of the adsorption data yielded pKm = 1.6 and a binding site (BS)
concentration of 14.5 µmol/gwet for 1 h of reaction and pK1 = −2.2 and pK2 = 1.0 with BS values of
0.0037 and 6.5 µmol/gwet, respectively.
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These experimental data were also fitted to the Freundlich isotherm and the parameters are shown
in Table 3. The n value for all the experiments was close to one, implying a chemical adsorption process,
except for the experiment in NaCl at a higher pH, where the n value was higher than 1 and where a
combination of chemical and physical process could occur at the same time.

The adsorption capacities of EOMI cell surfaces with respect to AuNPs are fairly well (within 30%)
comparable with that of Navicula minima with respect to Cd2+, studied in previous works of our
group [31].

3.4. Long-Term Interaction of AuNPs with Live Diatom Cells

Experiments of long-term interaction of diatoms with AuNPs aimed at comparing the adsorption
+ uptake of AuNPs by diatoms in the presence of light and in the darkness, over 20 to 50 days of
exposure in the inert buffered media (5 mM NaCl + 5 mM NaHCO3). At 100 µg/L of added AuNPs
and a constant pH of 8.6, the major removal of AuNPs occurred over the first one to two days and
it was more pronounced under light than in the darkness (Figure 10). We tentatively interpret this
difference as due to two possible reasons. First, the pristine pH of the diatom cell surface during
photosynthesis under light is higher than that of the surfaces in the darkness, and the adsorption of
AuNPs on the cell surface strongly decreases above pH 9 (Figure 5). Note that, although the bulk
solution is buffered at pH 8.6, the pristine pH of the photosynthesizing cell is typically 1 to 2 pH units
higher, as is known from in-situ measurements with microelectrodes [39,46]. Second, the cells under
light might be able to exudate various organic ligands, as is known in both freshwater and marine
phytoplankton species [47–51].

Long-term experiments under light in the presence of 1 and 10 gwet/L demonstrated an abrupt
decrease in concentration of AuNPs over the first days of exposure, followed by a stable concentration
of AuNPs (at 1 gwet/L of EOMI) or an increase in [AuNPs] by 40%–50% from the fourth to 55th day of
exposure (Figure 11). We interpret this increase as due to exometabolites production and the removal
of part of the adsorbed nanoparticles in the form of AuNPs-ligand complexes. The positive charge of
AuNPs and negative charge of produced simple carboxylic acids or exopolysaccharides may cause
such a desorption of AuNPs from the cell surface. Note that an alternative explanation, an efflux of
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AuNPs from the cell to the surrounding medium, or a detoxification mechanism, triggered by high
concentrations of AuNPs, is less likely: such an efflux was not visible in experiments with 1 gwet/L
EOMI at much higher concentrations of added AuNPs (Figure 10). As such, desorption via soluble
exometabolites produced by a high amount of EOMI (10 gwet/L) is the most likely cause of the aqueous
AuNPs concentration increase over two months of exposure.
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4. Conclusions and Natural Applications

Results of our experiments demonstrated the efficiency of a thermodynamic and kinetic approach
for characterizing the interaction between synthetic gold nanoparticles and freshwater peryphytic
diatoms EOMI. The dissolved organic matter (cell exometabolites) of diatom cells in the supernatant
solution enhanced the stability of AuNPs in solution compared to that of the inert electrolyte. Positively
charged AuNPs interacted with negatively charged diatom surfaces in a way similar to that of metal
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cations, although some desorption of AuNPs from the cell surfaces at pH > 9 may be due to competition
between soluble organic ligands produced by cell metabolism and cell surface moieties for AuNPs(+)
complexation. Surface tertiary amine groups [52] or hybrid NH3

+/COO− terminated surfaces as
surrogates for charged ionisable groups of diatoms [53] are likely candidates for AuNPs-adsorbing
moieties at the cell surfaces. The “Langmuirian” adsorption isotherm (at constant circumneutral pH)
demonstrated adsorption capacities of EOMI cells that were similar to those of diatom Navicula minima
with respect to divalent metal cations. We could not detect any significant long-term assimilation of
AuNPs by diatom cells. Instead, the majority of nanoparticles were removed over the first hours to
days of the surface adsorption reaction, followed by a slow release in the course of the following weeks.

Long-term (days to weeks) interaction of AuNPs with live diatom cells demonstrated the enhanced
stability of AuNPs in the presence of photosynthesizing cells compared to cell-free solutions. This may
be caused by (i) increasing pristine pH in the cell vicinity due to photosynthesis so that AuNPs
are desorbed from the surface; and (ii) the production of cell exometabolites, which complexed
positively-charged AuNPs and desorbed them from cell surface. An efflux of AuNPs as a detoxification
mechanism seems to be subordinate to a desorption/complexation reaction.

In natural settings, cell photosynthesis should lead to a decrease in AuNPs adsorption and uptake
by cells and thus can be considered as a mechanism of passive detoxification, driven by the exertion of
organic ligands. Note that the stabilization of AuNPs by natural organic matter of a different molecular
weight is well known from various laboratory experiments [43,44].

It is anticipated that a rigorous physico-chemical approach for the description of AuNPs-diatom
interaction developed in the present study will help to establish a sound scientific basis for determining
the quality status of water reservoirs and allow researchers to develop reliable predictive models of
pollutants impact on aquatic ecosystems.
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