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ARTICLE

Do the joint effects of size, shape and ecocorona influence the attachment
and physical eco(cyto)toxicity of nanoparticles to algae?

Fazel Abdolahpur Monikha , Daniel Arenas-Lagoa, Petr Porcalb, Renato Grilloc, Peng Zhangd,
Zhiling Guod, Martina G. Vijvera and Willie J. G. M. Peijnenburga,e

aInstitute of Environmental Sciences (CML), Leiden University, Leiden, the Netherlands; bInstitute of Hydrobiology and Soil & Water
Research Infrastructure, Biology Centre CAS, �Cesk�e Bud�ejovice, Czech Republic; cDepartment of Physics and Chemistry, School of
Engineering, S~ao Paulo State University (UNESP), Ilha Solteira, Brazil; dSchool of Geography, Earth and Environmental Science,
University of Birmingham, Birmingham, UK; eCenter for Safety of Substances and Products, National Institute of Public Health and
the Environment (RIVM), Bilthoven, the Netherlands

ABSTRACT
We systematically investigated how the combinations of size, shape and the natural organic
matter (NOM)-ecocorona of gold (Au) engineered nanoparticles (ENPs) influence the attachment
of the particles to algae and physical toxicity to the cells. Spherical (10, 60 and 100nm), urchin-
shaped (60nm), rod-shaped (10� 45, 40� 60 and 50� 100nm), and wire-shaped (75� 500,
75� 3000 and 75� 6000 nm) citrate-coated and NOM-coated Au-ENPs were used. Among the
spherical particles only the spherical 10nm Au-ENPs caused membrane damage to algae. Only
the rod-shaped 10� 45nm induced membrane damage among the rod-shaped Au-ENPs. Wire-
shaped Au-ENPs caused no membrane damage to the algae. NOM ecocorona decreased the
membrane damage effects of spherical 10 nm and rod-shaped 10� 45nm ENPs. The spherical
Au-ENPs were mostly loosely attached to the cells compared to other shapes, whereas the wire-
shaped Au-ENPs were mostly strongly attached compared to particles with other shapes. NOM
ecocorona determined the strength of Au-ENPs attachment to the cell wall, leading to the for-
mation of loose rather than strong attachment of Au-ENPs to the cells. After removal of the
loosely and strongly attached Au-ENPs, some particles remained anchored to the surface of the
algae. The highest concentration was detected for spherical 10nm Au-ENPs followed by rod-
shaped 10� 45nm Au-ENPs, while the lowest concentration was observed for the wire-shaped
Au-ENPs. The combined effect of shape, size, and ecocorona controls the Au-ENPs attachment
and physical toxicity to cells.
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Introduction

Engineered nanoparticles (ENPs) are potentially
toxic to biota (Akhil and Sudheer Khan 2017; Baun
et al. 2008). Investigations on the mechanism of
nanotoxicity demonstrated that ENPs could be
taken up by microorganisms and induce lethal tox-
icity and growth inhibition, (Aruoja et al. 2009; Ji,
Long, and Lin 2011; Oukarroum et al. 2012;
Juganson et al. 2015; Taylor et al. 2016; Vijver et al.
2018), as well as DNA and cell damage through
generation of reactive oxygen species (ROS) (He,
Dorantes-Aranda, and David Waite 2012; Melegari
et al. 2013; Aruoja et al. 2015). Due to their import-
ant roles in aquatic food chains as primary

producer, and as a model in several guidelines and
international standards for ecotoxicity testing (e.g.
OECD, ISO), algal cells could be a suitable model to
assess the potential toxicity of ENPs (Petit et al.
2010; Tang et al. 2018). To date, most of the studies
on nanotoxicity to algae focused on chemical tox-
icity of ENPs, i.e. assessing whether a specific dose
leads to e.g. mortality or growth inhibition.
Physically induced toxicity of ENPs can also be an
important pathway of nanotoxicity (Skjolding et al.
2016). For example, it was reported that graphene
nanomaterials could extract phospholipids from
algal cell membranes, allowing direct penetration
into the cells (Zhao et al. 2017; Duan et al. 2017).
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Carbon nanotubes are proposed to passively pene-
trate the membrane due to their needlelike shape
(Zhang et al. 2018). Bhattacharya et al. (2010)
showed that physical attachment of nanoplastic
beads onto algal species hindered their photosyn-
thesis, possibly through the physical blockage of
light and airflow by the ENPs. Despite the higher
production (in different sizes and shapes) and appli-
cation of metallic ENPs compare to other types of
ENPs (Vance et al. 2015), the physical toxicity of
metallic ENPs is overlooked and most nanotoxico-
logical studies are limited to assessing chemically
induced toxicity. It is, for example, documented
that the surfaces of silver (Ag) ENPs and zinc oxide
(ZnO) ENPs can release Agþ and Zn2þ, respectively
(Navarro et al. 2008a; Miao et al. 2009; Manzo et al.
2013), and then the toxicity of these ENPs is often
ascribed to the ions that are released from the par-
ticles. As a result, the toxicity of the released ions
makes the differentiation between physical and
chemical toxicity of metallic ENPs challenging.

Toxicity, as well as cellular uptake of ENPs by
algae, were investigated with regard to differences
in particle size, shape, composition and surface
coating (Singh 2016; Ispas et al. 2009; Ren et al.
2017; Peng et al. 2011; Ivask et al. 2014). For
example, hexametaphosphate-coated ZnO ENPs
were found to be more efficiently taken up by
algae than polyacrylic acid-coated particles of the
same core composition and the same size (Merdzan
et al. 2014). Internalization of gold (Au) and Ag
ENPs coated with antibodies in cells is shown to be
strongly dependent on the particle size (Jiang et al.
2008). While there are various studies about the
impact of certain properties of ENPs on their tox-
icity, a systematic study which investigates the com-
bined influence of size, shape and surface chemistry
of ENPs, is missing in literature (Hartmann et al.
2010) despite the fact that dependencies of toxicity
on different physicochemical parameters of ENPs
may be strongly entangled (Xu et al. 2018).

Upon release in the environment, ENPs have
been shown to interact with natural organic matter
(NOM), forming so-called ecocorona on the surface
of the particles (Abdolahpur Monikh et al. 2018;
Arenas-Lago et al. 2019a; Grillo et al. 2015).
Formation of an ecocorona occurs regardless of the
surface coating of ENPs and offers a negative sur-
face charge to ENPs (Arenas-Lago et al. 2019a).

The cells, thus, ‘see’ the ecocorona rather than the
pristine particles. The NOM ecocorona sterically and
electrostatically stabilizes the particles against
aggregation (Liu et al. 2013; Grillo et al. 2015). The
stability of ENPs as affected by the presence of
NOM may influence ENP-cell interactions, and thus
the cellular toxicity (Wang et al. 2011a; Wang et al.
2011b). In addition, algae excrete various extracellu-
lar polymeric substances (EPS) into their immediate
environment to retain their stable matrix structure
and to create a network for cell interactions as well
as to mediate their adhesion to surfaces (Xiao and
Zheng 2016). EPS is the first barrier protecting the
inner microorganisms against external stressors
(Sheng et al. 2013; Xu et al. 2013). Previous studies
reported that algae produce more EPS under the
exposure to 50mg/L copper oxide (CuO) ENPs, as a
protective response to the materials (Miao et al.
2015; Hou et al. 2015). This layer, which is made up
of a wide range of macromolecules such as polysac-
charides, proteins, glycolipids, nucleic acids, and
phospholipids, possesses a negative charge. We
hypothesize that the NOM ecocorona, which has a
negative charge, influences the interaction and
attachment of ENPs to algal cells due to the electro-
static repulsion between the ENP-NOM ecocorona
and the cells.

The objective of this study, therefore, is to sys-
tematically assess how ENP shape, size, and NOM
ecocorona in conjunction influence the cellular
attachment and physical (cyto)toxicity of Au-ENPs
to algae. We selected Au-ENPs as the model ENPs
for our study because (a) these materials could be
synthesized at a wide size and shape ranges, which
makes a systematic study feasible, (b) Au-ENPs are
easy to be characterized by existing analytical tech-
niques (Chithrani, Ghazani, and Chan 2006), and (c)
Au-ENPs have low solubility in aquatic media
(Daniel and Astruc 2004; Balasubramanian et al.
2010) which can serve to separate particle uptake
from the uptake of dissolved ions.

Materials and methods

Materials

All chemicals used in this study were reagent grade.
Optima grade hydrochloric acid (HCl 30%) and nitric
acid (HNO3 65%) were purchased from Merck
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(SuprapureVR , USA). Sodium hydroxide (NaOH) was
purchased from Sigma-Aldrich (Sigma-Aldrich Corp.,
St. Louis, MO, USA). Suwannee River NOM was sup-
plied by the International Humic Substances Society
(1R101N). The Au-ENPs (coated with citrate) were
purchased from NanopartzTM (Nanopartz Inc., USA).

Characterization of the Au-ENPs

Transmission Electron Microscopy (JEOL 1010, TEM)
operated at 70 kV was used to measure the size
and to determine the shape of the Au-ENPs dis-
persed in Milli-Q (MQ) water. Immediately after
sonication, the samples were dropped onto carbon-
coated copper grids followed by evaporation of the
MQ water for 1 day. The zeta potential measure-
ments were performed using a Zetasizer Nano
device (Malvern Panalytical, NL, USA). Multi-Angle
Dynamic Light Scattering (MADLS) was performed
using a Zetasizer Ultra (Malvern Panalytical, NL,
USA) to measure the hydrodynamic size of the Au-
ENPs. We have recently discussed the limitation of
some light scattering techniques in the characteriza-
tion of ENPs (Abdolahpur Monikh et al. 2019) of
non-spherical shape ENPs. Thus, to tackle some
challenges, herein we used MADLS (see the Results
and Discussion). The samples were diluted using
MQ water to reach a final concentration of 10mg/L
of the Au-ENPs in the dispersion to meet the detec-
tion limit of the instrument.

Incubation of Au-ENPs with NOM

A Suwannee River NOM stock solution (500mg/L)
was prepared with MQ water. The pH of the sus-
pension was adjusted to pH 8.5 using NaOH
(0.01M). The suspension was stirred for 24 h and
the pH was controlled to be maintained at the
adjusted level. The NOM suspension was filtered
through a 0.45 mm cellulose acetate membrane and
stored at 4 �C until experimental use. For incubation
of the particles with NOM to allow the ENPs and
the NOM interact and form the ecocorona, aliquots
of the Au-ENPs of different sizes and shapes were
incubated in the filtered NOM and diluted with MQ
water to reach a final concentration of 10mg/L of
Au-ENPs and 10mg/L of NOM suspension. We
selected this concentration of NOM to mimic the
typical environmental NOM concentrations

(Abdolahpur Monikh et al. 2018) regardless of
whether this amount of NOM is sufficient to cover
the particles of the different sizes and shapes
equally. The concentration of the Au-ENPs was arbi-
trarily selected not to encounter any problems
while characterizing the particles in the exposure
media as described previously (Abdolahpur Monikh
et al. 2019). Au-ENPs is not chemically toxic at this
concentration (Chithrani, Ghazani, and Chan 2006),
thus it allows us to properly investigate the physical
toxicity of the ENPs. The NOM was allowed to
adsorb to the surface of the particles for 24 h and
the dispersion thus obtained was measured with
regard to particle size and zeta potential, and used
for the exposure test.

Algal cultivation and characterization

The algae Pseudokirchinella subcapitata was used as
the test microorganism and cultivated in Woods
Hole Media according to the OECD testing guide-
line 201 (see Section 1, SI).

Exposure testing

Along with the treatments, six samples were tested
as control: three containing no NOM and Au-ENPs
and three containing NOM but no Au-ENPs.
Exposures were conducted in flasks by introducing
a quantity of Au-ENPs from a 50mg/L stock solution
to reach a final concentration of 10mg/L in each
exposure medium. The stock solution was prepared
immediately before each exposure test. A
SONOPULS ultrasonicator (BANDELIN Electronic,
Berlin, Germany) was used to sonicate the disper-
sion for 10min at 100% amplitude. The algae were
moved to autoclaved flasks to obtain a density of
2500 ± 354 cells/mL in each flask. This density was
selected based on some pre-tests to facilitate the
observation of the possible physical toxicity of the
particles to the cells.

The algae were exposed to the citrate-coated
and NOM-coated Au-ENPs in a climate chamber
(22 �C) at a light intensity of 70mE/(m2.s) for 72 h.
The stability of the Au-ENPs against dissolution and
agglomeration in the exposure medium without
algae cells was monitored using inductively coupled
plasma mass spectrometry (ICP-MS) and MADLS,
respectively. The citrate-coated and NOM-coated
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Au-ENPs dispersions of different sizes and shapes
were added separately to algal dispersions in flasks
to obtain an exposure concentration of 10mg/L of
Au-ENPs in each flask. To reduce evaporation, the
flasks were covered with cotton. The exposure was
done under continuous shaking conditions at
80 rpm using a G10 Gyratory Shaker (Washington,
USA), allowing to maintain optimal conditions of
the algae cells as well as having the Au-ENPs as
much as possible in a dispersed state. All tests were
performed in triplicate.

Growth inhibition test

Although it was reported that Au-ENPs have very
low toxicity, we investigated the toxicity of 10mg/L
Au-ENPs by studying the growth inhibition of the
algae to assure that there is no chemical toxicity to
algae. Aliquots were taken from the exposed algal
suspensions at time points 0, 24, 48, and 72 h. The
samples were measured using an Aquafluor Meter
and a UV-Vis Spectrophotometer for the absorbance
at 670-750 nm, as recommended by EPA (USEPA
1989; Rodrigues et al. 2011). The plasmon reson-
ance of Au-ENPs in the exposure media was tested
(Table S2, SI). The growth inhibition of the exposed
cells was calculated with respect to untreated cells.
Four different algal concentrations (1000, 5000,
7000 and 10 000 cells/mL) were measured by an
Aquafluor Meter following absorbance measure-
ment using the UV-vis spectrophotometer. The
highest absorbance value was used to obtain the
calibration curve of algal density (the relationship
between absorbance and the counted number of
cells). The calibration curve was used to measure
the density of the algae after exposure to the ENPs
at different sampling points. The algae density over
time allows to elucidate the influence of the par-
ticles on the growth rate of the cells and to calcu-
late the growth rates. The area under each peak of
the absorbance was also measured and plotted
over time.

Cell membrane damage

In this study, we used propidium iodide (PI), which
is a fluorescent dye, for dying the algal cells. It is
reported that PI interacts with nucleic acid macro-
molecules to produce red fluorescence when

excited by blue light (Wang et al. 2011a).
Accordingly, when the cell membrane is healthy, the
PI cannot penetrate the cells and interact with the
nucleic acids. However, when the cell membrane is
damaged due to interaction with Au-ENPs, the PI
can enter the cells and stain the nucleic acids. A PI
stock solution of 1 g/L was prepared by dissolving
the PI (Sigma, Cat No. F4170-10MG) into PBS and
stored in darkness at 4 �C before use. The dying
method was adopted from previous studies, after
some modifications, (Pakrashi et al. 2013; Wang et al.
2011a) where the optimized PI staining dosage was
20mg/L for about 2� 106 cells. Algae exposed to
the Au-ENPs (10mg/L) were collected after 72 h of
interaction. The samples were incubated with PI for
20min and washed using PBS to remove any
unbound dye. After staining, the samples were
observed using a Confocal Microscope system (Leica
TCS SPE) with available laser lines of 488, 532, and
633 nm. We counted a population of 1000 cells from
each treatment and counted the number of cells
with red fluorescence spots in this population to
obtain the percentage of the damaged cells. We did
not expect that the interaction between the Au-ENPs
and the PI, if any, influences the cell membranes and
skew the results within 20min of incubation.

Scanning electron microscope

A JEOL 7400 F SEM operated at 6 kV of high voltage
was used to picture algae in the control samples
and algal cells after exposure to the Au-ENPs. The
cells were observed after fixation using 2.5% gluta-
raldehyde in 0.2M phosphate buffer.

Quantification of Au-ENPs loosely attached to the
cell wall

After exposure, aliquots of the samples (exposed
algae) from each treatment were collected and cen-
trifuged (Sorvall RC 5B plus centrifuge, Fiberlite F21-
8) at 4000 rpm for 10min at 4 �C following the
method reported previously (Arenas-Lago et al.
2019b). We removed the supernatants which were
assumed to contain unbound Au-ENPs. It is also
possible that some of the unbound Au-ENPs settle
down due to the centrifugal force, particularly the
Au-ENPs with large particle size. To minimize the
concentration of the unbound particles in the
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pellet, the pellet was diluted with PBS (pH 7.4) to a
final volume of 10mL, re-dispersed by shaking and
centrifuged again at the same condition. This pro-
cess was repeated three times. The concentration of
Au in the supernatants was measured using ICP-MS
as described in Section S2, SI.

Quantification of Au-ENPs strongly attached to
the cell wall

Chelating agents such as ethylenediaminetetraacetic
acid (EDTA) are organic molecules with two or
more electron donor groups. They are capable of
effectively binding polyvalent metal ions, such as
Au, due to their affinity for metal ions (Flora and
Pachauri 2010). The chelating potential of EDTA has
been previously documented for Au-ENPs (Dozol
et al. 2013). In biological or environmental media,
the EDTA could bind on the one hand to ENPs and
on the other hand to various chemical compounds
available in the media (Bonvin et al. 2017). Herein,
we used EDTA to facilitate the separation of the
strongly bound Au-ENPs from the surface of the
cells. In this study, the ENPs that were associated
with the surface of algal cells that could not be
removed using the PBS washing process referred to
as strongly attached ENPs. The resulting algae sus-
pensions from the previous steps (after removing
the loosely attached Au-ENPs) were treated with
5mL of 0.02M EDTA for 20min to bind the Au-
ENPs, which were strongly attached to the cell
walls, with the EDTA complex (Wang et al. 2011a).
The concentration of the EDTA was optimized using
some Pre-tests. The suspensions were vortex mixed
for 10min. The obtained suspensions were centri-
fuged (4000 rpm at 4 �C) for 10min and the super-
natants were separated to remove the EDTA-ENP
complexes. The supernatants were used for measur-
ing the concentration of the strongly attached Au-
ENPs to the cell wall by measuring the Au concen-
tration in the supernatant using ICP-MS.

Accumulated Au-ENPs on the algal cells

After separation of the attached Au-ENPs (loosely
and strongly attached Au-ENPs) to the cell walls,
the remaining algal pellets were placed into glass
tubes and digested for 30–60min with HNO3 (65%)
at 100–130 �C followed by 2 h of additional

digestion with HClO4 at 170 �C in an aluminum
heating block. After digestion, 5ml of MQ water
was added to the residues. The total Au concentra-
tion in the resulting samples was measured using
ICP-MS according to the performance condition
reported in Section S2, SI. We did not differentiate
between Au-ENPs internalized in the cells and Au-
ENPs associated with the cells. We cannot assure
that the unremoved particles after the washing
processes are internalized Au-ENPs. Thus, we refer
to the results of this step as Au-ENPs accumulated
on the algal cells throughout this study.

Statistical analysis

Data were analyzed with the statistical program
SPSS v. 19 and expressed as average ± standard
deviation (SD) of three replicates. Kolmogorov-
Smirnov and Levene tests were performed to check
the normality and homogeneity of variances,
respectively. T-test test was used to analyze statis-
tically significant differences. All the graphs were
plotted using the software OriginLab 9.1.

Results and discussion

Particle characterization

The TEM pictures of the Au-ENPs in MQ water are
provided in Figure 1. The sizes and shapes of the
Au-ENPs as determined by TEM were in good agree-
ment with the information provided by the supplier.
Additional TEM pictures were added to the SI (Figure
S1a) to illustrate the shape of the rod-shaped par-
ticles clearly. The Au-ENPs were dispersed in MQ
water and characterized in terms of particle size and
zeta potential (Table 1) immediately after sonication.
The attachment of the NOM ecocorona to the sur-
face of the Au-ENPs is demonstrated by the signifi-
cant variation in the zeta-potential compared to the
citrate-coated Au-ENPs. The average values of the
zeta potential (millivolts; mV) of about �21 to
�25mV and �28 to �32mV were measured for the
citrate-coated and NOM-coated Au-ENPs in MQ
water, respectively. The zeta potential of the citrate-
coated particles was significantly (p< 0.05) lower
than the zeta potential of the NOM-coated particles.
After incubation in the NOM suspension, the surface
charge of the Au-ENPs shifted towards a more nega-
tive value for all the particles tested, indicating
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adsorption of the NOM to the Au-ENPs. The values
of the zeta potential in the exposure medium
increased (less negative) for both citrate-coated and
NOM-coated Au-ENPs (Table 1). The mechanism of

the replacement of citrate by NOM or the competi-
tion between the citrate and the NOM over the sur-
face of the Au-ENPs was not investigated because it
is out of the scope of this study.

Table 1. Physicochemical characterization of the citrate-coated and NOM-coated Au-ENPs used in this study.

Au-ENPs

TEM measured size (nm)

Surface properties

Zeta potential (mV)

Reported by
the supplier Measured

Reported by
the supplier

Measured in
MQ water

Measured in the
exposure media

Spherical 10 10 ± 2 citrate-coated �20 �25 ± 3 �17 ± 2
NOM-coated �31 ± 3 �24 ± 4

60 60 ± 5 citrate-coated �20 �23 ± 2 �16 ± 3
NOM-coated �28 ± 4 �22 ± 3

100 100 ± 4 citrate-coated �20 �23 ± 1 �17 ± 2
NOM-coated �28 ± 3 �21 ± 3

Urchin-shaped 60 60 ± 2 citrate-coated �20 �24 ± 2 �15 ± 3
NOM-coated �29 ± 5 �21 ± 4

Rod-shaped 10� 45 10� 45 ± 2�5 citrate-coated �22 �23 ± 1 �16 ± 3
NOM-coated �31 ± 3 �23 ± 2

40� 60 40� 60 ± 5�7 citrate-coated �22 �21 ± 2 �14 ± 3
NOM-coated �30 ± 4 �25 ± 2

50� 100 50� 100 ± 6�9 citrate-coated �20 �22 ± 3 �17 ± 4
NOM-coated �29 ± 5 �23 ± 3

Wire-shaped 75� 500 75� 500 ± 4�12 citrate-coated �22 �22 ± 1 �15 ± 2
NOM-coated �30 ± 3 �24 ± 4

75� 3000 75� 3074 ± 6�107 citrate-coated �20 �21 ± 3 �15 ± 3
NOM-coated �32 ± 2 �22 ± 4

75� 6000 75� 6102 ± 6�236 citrate-coated �24 �23 ± 4 �16 ± 2
NOM-coated �29 ± 3 �22 ± 3

The table shows the measured size and zeta potential of the particles and compares them with the values reported by the supplier.
TEM measured size: size of the particles measured by transmission electron microscope, average of 500 particles. The size of the wire-shaped and rod-
shaped is presented as diameter� length.

Figure 1. TEM pictures of the Au-ENPs in MQ water showing the size and shape of the Au-ENPs tested. U-S: urchin-shaped; R-S:
rod-shaped and W-S: wire-shaped Au-ENPs.
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Apart from standard properties such as hydro-
dynamic diameter and zeta-potential, the stability
of the particles was monitored over time by meas-
uring agglomeration rate and the dissolution rate of
the Au-ENPs to assure that the observed cellular
damages are not related to the released ions and
chemical (cyto)toxicity. We used MADLS to measure
the agglomeration rates of the Au-ENPs in the
exposure medium without algal cells. Two peaks
were observed for the rod-shaped and wire-shaped
Au-ENPs using the MADLS which, unlike the single
angle DLS, performs the measurement based on
three angles (13

�
, 90

�
and 173

�
), offering some

information about the variation of the particle
shapes from a sphere. We used the highest peak to
monitor the agglomeration rate of the rod-shaped
and wire-shaped 75� 500 nm Au-ENPs. The agglom-
eration rate of the wire-shaped 75� 3000 nm and
wire-shaped 75� 6000 nm Au-ENPs could not be
measured using MADLS, thus we determined it
using TEM by counting 600 particles. No difference
was observed between the wire-shaped
75� 3000 nm and wire-shaped 75� 6000 nm Au-
ENPs in MQ water and those in the exposure
medium. The citrate-coated and NOM-coated Au-
ENPs were relatively stable (very slow agglomer-
ation) over 72 h measurement time in the exposure
medium (Figure S1b-c, SI). Due to the negative zeta
potential as observed for citrate-coated and NOM-
coated Au-ENPs, the particles are less prone to
agglomeration and the influence of the anions and
cations in the exposure medium may neutralize
each other effects on the agglomeration of the
Au-ENPs. This has been confirmed by the
measured agglomeration rate of the citrate-coated
and NOM-coated Au-ENPs in the exposure medium
(Figure S1d-e, SI). Dispersed Au-ENPs would
agglomerate when their surface charge is nearly
neutralized, otherwise the stability against agglom-
eration would be achieved due to the electrostatic
or steric repulsion resulting from the NOM
ecocorona (Navarro et al. 2008b; Grillo et al. 2015;
Arenas-Lago et al. 2019b). The dissolution rate of
the particles was measured over the exposure time
in the exposure medium without algae cells follow-
ing the method reported by (Arenas-Lago et al.
2019b). It was found that less than 2% of the Au-
ENPs were dissolved in the exposure medium.
These data confirm that the culture medium did

not significantly affect particle stability during the
exposure time.

Algae growth inhibition

The cell size range was between 4 and 6 mm as
observed by SEM (Figure S2 left, SI). The expected
normal growth rate for P. subcapitata according to
the OECD guideline 201 is 1.5-1.7 (Wilhelm et al.
2012). Algae growth in our study was similar in the
control and in all the treatments with an average
specific growth rate of 0.57/day to 0.7/day. In the
guideline (OECD 201) the recommended initial bio-
mass for the algae is 5� 103-104. In our study, the
applied initial biomass was lower than the recom-
mended biomass which could explain the observed
lower growth rate. This low growth rate was not
due to the exposure to Au-ENPs as the comparison
with the control confirmed this claim. We applied a
lower biomass concentration for algae to facilitate
investigating the physical toxicity of the particles to
the cell. The concentration was selected based on
previous pre-tests. The presence of NOM on the
surface of the particles also did not influence the
growth of the algae. These results showed that
algal growth is normal after exposure to the Au-
ENPs of different sizes and shapes and in the pres-
ence and absence of NOM ecocorona.

Membrane integrity

Au-ENPs may interact with the cell membrane, dam-
age the membrane, in the first place, and then
enter the cells or disrupt the functions of the mem-
brane (Lapresta-Fern�andez and Blasco 2012). It was
previously hypothesized that in the absence of sta-
bilizers in the system, the high surface reactivity of
ENPs results in significant cellular damage due to
the acquisition of biomolecules pulled out from the
cell membrane to reduce the surface free energy of
the particles (Lesniak et al. 2012; Guggenheim et al.
2018). To elucidate how Au-ENPs cause cellular
membrane damage to the algal cells as a function
of particle size and shape and in the presence and
absence of ecocorona (which plays the role of
environmental stabilizer), we studied the membrane
integrity of algal cells using confocal microscopy.
The healthy cells were not stained owing to the
intact cell membrane whereas the affected cells
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showed red fluorescence due to the uptake of the
nuclear-specific stain, PI, as a result of the cell mem-
brane damages. The results are reported in Figure
2. With regard to the citrate-coated Au-ENPs (Figure
2(a)), the highest number of cells with a damaged
membrane was observed in algae exposed to
spherical 10 nm and rod-shaped 10� 45 nm Au-
ENPs (see Figure S3, SI, red spots indicated the
membrane-damaged algal cells). Considering the
particle size, spherical 10 nm Au-ENPs induced
membrane damage while the other spherical ENPs
did not cause any significant membrane damage
when compared to the control. The algae exposed
to the rod-shaped 10� 45 nm Au-ENPs showed the
highest membrane damage compared to the other
rod-shaped Au-ENPs. No membrane damage was
observed as a result of the exposure to wire-shaped
Au-ENPs. The damage of the membrane could be
the result of direct interaction of the ENPs with the
cells and subsequent acquisition of biomolecules
from the cell membrane, and/or penetration of the
particles into the cell wall (Malugin and Ghandehari
2010; Moreno-Garrido et al. 2015; Zhao et al. 2017).
After penetrating the cell wall, Au-ENPs could inter-
act with the phospholipid bilayer and damage the
structure of the membrane bilayer. They also can
trigger membrane perforation by generating and
accumulating reactive oxygen species which lead to
inducing oxidative stress and lipid peroxidation
(Chen et al. 2019). Lipid peroxidation may increase
the cell membrane permeability, leading to the loss

of membrane selectivity, fluidity, and integrity
(Chen et al. 2019).

We investigated whether the NOM ecocorona on
the surface of the Au-ENPs would influence the
observed membrane damage (Figure 2(b)). Our find-
ings showed that the presence of NOM on the sur-
face of the Au-ENPs decreased the ability of the
spherical 10 nm and the rod-shaped 10� 45 nm Au-
ENPs to cause membrane damage to the cells. One
explanation of this finding is that the presence of a
NOM ecocorona on the surface of the ENPs might
have reduced the reactivity of the ENPs by reducing
the free surface energy, which consequently
decreased the acquisition of biomolecules from the
cell membrane by the Au-ENPs. Another explan-
ation could be that the repulsion between the
negatively charged cells and the negatively charged
NOM-coated Au-ENPs decreased the interaction
between the cells and the Au-ENPs. It is docu-
mented that the surfaces of algae have a high
chemical affinity to positively charged ENPs (Khan
et al. 2011; Moreno-Garrido et al. 2015). NOM
increases the negative surface charge of the par-
ticles, thus decreasing the interaction between the
ENPs and the negatively charged cell surface
(Moreno-Garrido et al. 2015). The finding of this
study shows that even if the ENPs cause damage to
the membrane of the cells, the cells can maintain
their regular growth. This may have a considerable
effect on the ecological functioning of algae and
their role in aquatic food chains.

Figure 2. Confocal microscopy results show the percentage of algae with a damaged membrane after 72 h exposure to: (a) cit-
rate-coated (S: spherical; U-S: urchin-shaped; R-S: rod-shaped; W-S: wire-shaped), and (b) NOM-coated (NOM-S: NOM-coated spher-
ical; NOM-U-S: NOM-coated urchin-shaped; NOM-R-S: NOM-coated rod-shaped and NOM-W-S: NOM-coated wire-shaped) Au-ENPs
of different sizes and shapes.
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Quantification of loosely attached Au-ENPs

Previous studies already showed that ENPs may
attach to the surface of cells with different
strengths, either strongly and/or loosely (Wang
et al. 2011a; Dalai et al. 2012; Iswarya et al. 2015;
Arenas-Lago et al. 2019b). In this section, we deter-
mined the loose attachment of Au-ENPs to the cell
wall as a function of particle shape and size and in
the presence and absence of a NOM ecocorona.

The total mass of the loosely attached Au-ENPs
to the surface of the cells is reported in
Figure 3(a–c). The mass of the citrate-coated and
NOM-coated spherical 10 nm Au-ENPs was highest
as compared to the other spherical and urchin-
shaped Au-ENPs to which the cells were exposed
(Figure 3(a)). The mass of the attached rod-shaped
10� 45 nm was higher than the mass of the other
rod-shaped Au-ENPs attached to the cells
(Figure 3(b)). The mass of the wire-shaped
75� 3000 nm was higher than the mass of the
attached wire-shaped 75� 500 nm and the wire-
shaped 75� 6000nm (Figure 3(c)) Au-ENPs. The
spherical Au-ENPs attached with a higher mass com-
pared to the other shapes. The wire-shaped Au-ENPs

had the lowest mass of the loosely attached particles
to the surface of the cells. Higher surface attachment
of smaller ENPs to the cell could be associated with
the higher surface to volume ration of the smaller
particles compared to the larger particles (Quigg
et al. 2013).

The presence of a NOM ecocorona on the surface
of the Au-ENPs increased the mass of the loosely
attached particles to the cells (Figure 3(a–c)). The
influence of NOM was more pronounced for smaller
Au-ENPs regardless of the shape of the particles.
For example, the difference between the citrate-
coated and NOM-coated spherical 10 nm ENPs was
significantly (t-test, p< 0.0001) higher than the dif-
ference observed for spherical 60 and 100 nm Au-
ENPs (Figure 3(a)). Similarly, the presence of a NOM
ecocorona on the surface of the rod-shaped
10� 45 nm ENPs significantly (t-test, p< 0.0001)
increased the loose attachment of the particles to
the cells (Figure 3(b)).

Quantification of strongly attached Au-ENPs

The results of the quantification of the Au-ENPs
which were strongly attached to the surface of the

Figure 3. The measured mass concentration of the Au-ENPs which were loosely attached to the surface of the algae as a function
of particle size and shape. (a) The mean mass concentration and SD of the spherical and urchin-shaped citrate-coated and NOM-
coated Au-ENPs loosely attached to the surface of the cells. (b) The mean mass concentration and SD of the rod-shaped citrate-
coated and NOM-coated particles loosely attached to the surface of the cells. (c) The concentration (mean and SD) of the loosely
attached citrate-coated and NOM-coated wire-shaped Au-ENPs to the surface of algae.
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algal cells as a function of particle size, shape and
in the presence/absence of an ecocorona, are
reported in Figure 4(a–c). The data show that the
pattern of attachment for strongly and loosely
attached particles is different. There are no con-
siderable differences in the mass concentration of
the attached spherical and urchin-shaped Au-ENPs
as size changes (Figure 4(a)). The mass of the
strongly attached rod-shaped 40� 60 nm Au-ENPs
was higher than the mass of the other rod-shaped
Au-ENPs (Figure 4(b)). Regarding the shape-based
differences, wire-shaped Au-ENPs had the highest
strong-attachment based on mass concentration
compared to other shapes, followed by the rod-
shaped Au-ENPs. The presence of NOM on the
surface of the particles decreased the ability of
the particles to be strongly attached to the cells,
except for wire-shaped 75� 6000 nm ENPs (Figure
4(a–c)). Overall, our findings showed that the
presence of a NOM ecocorona on the surface of
the ENPs prevents the strong attachment of Au-
ENPs to cells and the particles are mostly loosely
attached to the algae. As explained before, this
could be attributed to the repulsion between the
NOM-coated Au-ENPs and the negatively
charged cells.

Quantification of accumulated Au-ENPs on
the cells

Even in the presence of the protective layer of EPS,
ENPs can still penetrate and subsequently be intra-
cellularly internalized in algae (Zhao et al. 2016;
Arenas-Lago et al. 2019b). However, we could not
make the assumption that the remaining Au-ENPs
in the pellet cells after removing the loosely and
strongly attached particles, are internalized Au-
ENPs. Thus, further method development is required
to allow observing and quantifying the internalized
particles in algae.

As the data in Figure S1d-e (SI) shows, the Au-
ENPs do not dissolve in the exposure media and
the dissolved fraction is not significant. Thus,
obtained data is related to Au-ENPs and not to dis-
solved Au ions. The accumulated Au-ENPs on the
algae was different between different particle
shapes and sizes (Figure 5(a–c)). The amount of the
accumulated Au-ENPs was also influenced in some
cases by the presence of the NOM ecocorona. The
accumulated spherical 10 nm ENPs were higher
than spherical 60 nm>urchin-shaped 60 nm>

spherical 100 nm particles (Figure 5(a)). The mass of
the rod-shaped 10� 45 nm ENPs was higher than
for any of the other rod-shaped Au-ENPs. The mass

Figure 4. The measured mass and calculated number of strongly attached Au-ENPs to the surface of the algae as a function of
particles size and shape. (a) The mean mass concentration and SD of the spherical and urchin-shaped citrate-coated and NOM-
coated Au-ENPs. (b) The mean mass concentration and SD of the rod-shaped citrate-coated and NOM-coated particles. (c) The
concentration (mean and SD) of the attached citrate-coated and NOM-coated wire-shaped particles to the surface of algae.
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of the rod-shaped 50� 100 nm ENPs was higher
than the mass of the rod-shaped 40� 60 nm ENPs
(Figure 5(b)). There was no significant difference
between the mass of the accumulated wire-shaped
Au-ENPs (Figure 5(b)). The total mass of the accu-
mulated spherical and rod-shaped particles on the
algae was higher than in the case of the wire-
shaped Au-ENPs. Algae incubated with spherical
10 nm and rod-shaped 10� 45 nm Au-ENPs
possessed a high concentration of accumulated
Au-ENPs compared to algae exposed to Au-ENPs of
other shape and size.

Our results are in agreement with previous studies
showing that ENPs of different sizes and shapes pos-
sess different accumulation profiles (Chithrani,
Ghazani, and Chan 2006; Nel et al. 2009). In natural
conditions, the accumulation of ENPs seems to
resemble ‘all for one and one for all’. Pores across
the cell wall, which have certain diameters
(5–20nm), determine the sieving properties of a cell
(Fleischer, O’Neill, and Ehwald 1999; Clements and
Harris 2000; Navarro et al. 2008b). It implies that
ENPs with a size smaller than the pores are expected
to pass through the cell membrane. When some of
the particles pass the cell wall, lipid peroxidation as

induced by penetration of the particles in the cell
wall may increase the cell membrane permeability
and thus facilitate penetration of more particles into
the membrane (Chen et al. 2019) which cannot be
removed through washing processes. Moreover, the
interactions of algae with ENPs might induce the for-
mation of new pores through the surface of the
algae, eventually enhancing the accumulation of the
ENPs in the cell wall (Navarro et al. 2008a). This
allows the penetration of ENPs across the algal cell
walls. The penetration of ENPs might enlarge inher-
ent pores, thus accelerating the ENPs accumulation
in cell walls (Li et al. 2015; Sendra et al. 2017). Few
studies reported that there might be a threshold
radius below which cellular uptake is reduced
(Decuzzi and Ferrari 2007; Nel et al. 2009). Particle
sizes of about 15 to 50nm have been suggested as
the threshold for rod and spherical particles, respect-
ively (Decuzzi and Ferrari 2007). Our findings did not
support these assumptions. It is to be noted, how-
ever, that the scenario for algal cells might differ due
to the differences in membrane structures between
algae and mammalian cells.

The presence of NOM on the surface of the par-
ticles increased the accumulation of the Au-ENPs on

Figure 5. The measured mass of accumulated citrate-coated and NOM-coated Au-ENPs on the algae (wet weight: W.W) as a func-
tion of particle size and shape. (a) The mean mass concentration and SD of the spherical and urchin-shaped citrate-coated
and NOM-coated particles. (b) The mean mass concentration and SD of the rod-shaped citrate-coated and NOM-coated particles.
(c) The concentration (mean and SD) of the citrate-coated and NOM-coated wire-shaped particles.
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the algae in many cases (rod-shaped 50� 100, wire-
shaped 75� 500 and wire-shaped 75� 3000 nm Au-
ENPs) and decreased it in the ceases of rod-shaped
10� 45 nm Au-ENPs (Figure 5(a–c)). Apparently, as
the size of the particles increases the NOM ecocor-
ona increases the accumulation of Au-ENPs on
algae. We suggest future studies to focus on the
cell perspective on these indications to search for
the reasons why NOM increases the accumulation
of some particles on algae while decreasing the
accumulation of other ENPs of the same type
and shape.

Conclusions

Algae were exposed to citrate-coated and NOM-
coated Au-ENPs of different sizes and shapes for
72 h at a concentration of 10mg/L to elucidate the
impact of a combination of different physicochemi-
cal properties on the association of the particles
with algae and the physical toxicity to the cells.
Confocal microscopy pictures showed that among
the spherical particles the 10 nm sphere caused
physical cytotoxicity to the cells by damaging the
membrane. Regarding the rod-shaped particles,
10� 45 nm Au-ENPs induced membrane damage to
the algae cells, whereas none of the other particles
caused any considerable membrane damage. We
recommend future studies to focus more on the
physical effects of ENPs, particularly needlelike par-
ticles, on microorganisms such as algae and bac-
teria. The ICP-MS data revealed that the mass of
loosely and strongly attached Au-ENPs to the cell
walls is dependent on particle size, particle shape,
and presence or absence of a NOM ecocorona. The
spherical 10 nm and rod-shaped 10� 45 nm ENPs
attached at the highest concentrations to the cells,
as compared to all other particles investigated. The
presence of a NOM ecocorona determines the
strength of the attachment between the particles
and the cells. Our findings showed that a NOM eco-
corona caused the particles to predominantly attach
loosely to the cells. Future research may focus on
how the amount and type of NOM can determine
the strength of the attachment. After removing the
surface attached particles using washing processes,
some of the Au-ENPs remained anchored to the sur-
face of the cells. Spherical 10 nm and rod-shaped
10� 45 nm ENPs were found to be capable of

accumulating on algae in mass concentrations that
were several orders of magnitude higher than for
any of the other particles of different sizes and
shapes. We conclude that the pattern of metallic
ENPs interaction with microorganisms and their
physical toxicity cannot solely be attributed to size,
shape or surface chemistry, but the combined effect
of physicochemical properties of the ENPs controls
the final pathway through which the ENPs interact
with microorganisms. Investigating the influence of
each property in cellular uptake with disregard to
other properties may lead to different outcomes.
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