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Abstract

This article reports novel results on the toxic hatgsms of action of amine- and hydroxyl-terminated
poly(amidoamine) dendrimers towards microorganisfrenvironmental relevance, namely a cyanobactedfithe
genus Anabaena and the green &@blamydomonas reinhardtii. We used PAMAM ethylenediamine core dendrimers
from generations G2 to G4, which displayed a pasitharge, measured &potential, in culture media. All amine-
terminated and most remarkably the G4 hydroxyl-teated dendrimer inhibited the growth of both manganisms.
The effect on the growth of the green alga wasifsogmtly higher than that on the cyanobacteriumti/V
concentrations expressed in terms of molarity gtlveas a clear relationship between dendrimer géoerand
toxicity, with higher toxicity for higher generatioHormesis was observed for hydroxyl-terminatenddeners at low
concentrations. The cationic dendrimers and G4-@Hhificantly increased the formation of reactiveyggn species
(ROS) in both organisms. ROS formation was notedlavith the chloroplast or photosynthetic membsaaned
photosystem Il photochemistry was unaffected. Gathage resulted in cytoplasm disorganization alid ce
deformities and was associated to an increase B RR@nation and lipid peroxidation in mitochondimathe green
alga; cell wall and membrane disruption with appaless of cytoplasmic contents was found in thencypacterium.
It was determined for the first time that catioRiIBMAM dendrimers were quickly and largely interzall by both
organisms. These results warn against the geratiahizof the use of dendrimers which may pose Bagmit risk for
the environment and particularly for primary proeigcwhich are determinant for the health of natecakystems.

Keywords. Algae; PAMAM dendrimers; Cyanobacteria; Interpation; Mitochondrial damage.

higher cytotoxic response due to their greater pation
rates in comparison with neutral or negatively gedr
dendrimers (Jain et al., 2010). It has also beewstihat
for the same kind of dendrimer, lower generatiotshat
considerably less cytotoxicity than higher generati
dendrimers (Menjoge et al., 2010). The modificatbn
dendrimer surface groups has been shown to modulate
the mechanism of cellular uptake of dendrimerstaed

1. Introduction

Poly(amidoamine) (PAMAM) dendrimers are hyper-
branched polymeric, nanoscale molecules with
exceptional properties that make them attractivafo
variety of biomedical applications (Svenson and &l
2005). They consist of a central alkyldiamine cémamn
which radially branched monomers or dendrons grow i

successive layers, called generations. Their nauctste
presents three main features from which their
applications give raise. First, they are globulaa highly
symmetric as a result of which they possess anuatiys
low solution viscosity. Second, they have a largeber
of surface end-groups, which make them highly tisab
in terms of solution chemistry. Finally, the presewf
relatively large internal cavities allows remarleabbre
encapsulation ability (Caminade et al., 2005, Kimd a
Lamm, 2012).

Surface charge and molecular size have been faund t
determine cell permeability profiles and cytototici
Cationic PAMAM dendrimers have been connected to

a

conjugates across cell barriers (Saovapakhirah, et a
2009).

Dendrimers have proved their excellence as drugecar
with great potential in biomedical and pharmaceusic
applications because they can enhance the biohilija
of poorly water-soluble drugs and are able to fevi
effective interaction with cells. However, the exnde
that dendrimers are largely internalized has raised
guestions regarding their potential cytotoxicity naly

in humans but also in the environment as they neay b
eventually released and become a waste in different
environmental compartments. The occurrence of
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dendrimers in the environment has not yet beenrtegho
Consequently, there are still no data availabléheir
concentrations in environmental water bodies. It is
interesting to note that current analytical techegmake
it impossible the quantification of dendrimers gquaous
matrixes within the range of expected environmental
concentrations, which in the case of most anthrepiug
pollutants is in the ng/L tpg/L range (Uclés et al.,
2013). Consequently, they are not likely to be ctetd
unless they reach relatively high concentratiortgciv
could be the case in view of their expanding ramfge
applications. The toxicity of dendrimers has beersthy
studied in a number of human cell lines (Jain et al
2010). In general, the toxic effect has been faind
increase with dendrimer generation and, in the oase
dendrimers bearing positive charge, it has beeibaiitd
to a charge interaction with negatively chargeddgjzal
membranes (Stasko et al., 2007). This interacesults
in membrane disruption via nanohole formation (lueib
et al., 2007). In most cases the toxicity of demeéris has
been linked to the generation of reactive oxygestigs
(ROS) (Mukherjee et al., 2010).

In spite of the relatively large amount of inforioat
available on the toxicity of dendrimers to humalt ce
lines, their ecotoxicological characterization heceived
much less attention (Santiago-Morales et al., 2013,
Ulaszewska et al., 2012). Most studies have focosed
the effect of dendrimers on growth or cell vialiltf a
few representatives of aquatic environments sutheas
marine bacteriurdliivibrio fischeri (Mortimer et al.,
2008, Naha et al., 2009), green algae such as
Chlamydomonas reinhardtii andPseudokirchneriella

Dendritech Inc. (Midland, MI, USA). Sigma-Aldrich
supplies dendrimers 10-20% in methanol while
Dendritech provided methanol-free aqueous solutions
Comparison of methanol containing samples and
methanol free ones did not produce any significant
difference in the organism response (data not shown
therefore, dendrimer stock suspensions were used
interchangeably. The size distribution of nanophas
was obtained using dynamic light scattering (DLS,
Malvern Zetasizer Nano ZS). The measurements were
conducted at the lowest possible concentratiorliyigl
reproducible result€-potential was measured via
electrophoretic light scattering combined with has
analysis light scattering in the same instrumdra, t
measurements being conducted at 25°C in the assay
media without any modification.

2.2 Physicochemical characterization of cells

Cell size was estimated from a representative nuibe
TEM imagesf-Potential of cells of both organisms was
measured in three independent cell culture suspesian
their respective exposure media (AA/8+N for Analzaen
sp. PCC7120, and Sueoka’s high salt mediuntCfor
reindhartii, see below). Measurements were performed at
the pH of the bioassays (pH = 7.4) Potential
measurements of cell suspensions were conducted
essentially as described above, using electroghdigitt
scattering combined with phase analysis in a Malver
Zetasizer Nano ZS.

For Fourier Transform Infrared (FTIR) analysesaélg
cells were grown as described, centrifuged, andhaghs
with Na salts as described (Dittrich and Siblel)20

subcapitata (Perreault et al., 2012, Petit et al., 2012, Petittadjoudja et al., 2010, Kiefer et al., 1997); Uyigvo

et al., 2010, Suarez et al., 201gphnia magna (Naha
et al., 2009) and zebrafish embryos (Heiden ef@by).

times with 0.2 M NaCl, and finally resuspended ia
NacCl to a final cell density of 20-50 mg algae/mllgal

However, very few mechanistic studies have beem don suspensions were dropped in KBr discs and dried on

(Petit et al., 2012) and no internalization dat ar
available.

In this paper, the effects of amine- and hydroxyl-

terminated PAMAM dendrimers were investigated usin
microorganisms of environmental relevance, namety t

primary freshwater producers, a green alga and a
cyanobacterium. The aim was to get an insight into
dendrimer toxicity for an exposure scenario assedito
the discharge of dendrimers into the aquatic enwvirent.
We determined toxicity endpoints and performed
mechanistic studies by measuring ROS formation,
membrane lipid peroxidation, cell ultrastructur@aces
and photosynthesis. The internalization of dendrime
was also tracked for cationic dendrimers using wgeties
with the fluorescent label Alexa Fluor.

2. Methods
2.1 Characterization of dendrimers

Amine- and hydroxyl terminated G2, G3 and G4
PAMAM ethylenediamine core dendrimers, where G
stands for generation, were provided by Sigma-Akdri
(St. Louis, MO, USA) or directly from the vendor

them at room temperature during 2h. Finally, KBycdi
containing the dried algal material were measusagua
Bruker model IFs 66V Fourier Transform Infrared
(FTIR) spectrometer in transmission mode; the spect

Qvere recorded with 250 scans and a resolutiononii¥

with spectral range of 7,000 to 550tm

2.3. Growth and photosynthesis assessment of algae and
cyanobacteria

The filamentous cyanobacterium Anabaena sp. PCC
7120 was routinely grown as described (Rodea-
Palomares et al., 2012). The green &gkamydomonas
reinhardtii was grown at 28°C in the light, Ca. 65 pmol
photons Ms?! with soft aeration with sterile synthetic air
in 250 ml in Sueoka’s high salt medium (HS) (Sugoka
1960). For both microorganisms, exposure experisment
were carried out in 12 mL of AA/8, which is an 8efo
dilution of the medium of Allen and Arnon (1955)y f

the cyanobacterium and HS for the green algae mi25
Erlenmeyer flasks. The pH of both culture media was
adjusted to 7.4. Before exposure to dendrimerg,iiad
were washed once and resuspended in their proper
culture media to obtain a final optical density (3&D
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nm) of 0.1. PAMAM dendrimers were added to obtain
the desired concentrations and cultures were egose
up to 72 h in a rotary shaker at 28°C under cohstan
illumination. Growth inhibition experiments were
performed essentially as previously described (Rode
Palomares et al., 2011). In-vivo fluorescence of
chlorophyll was measured daily by transferring 100

of quadruplicate samples of cultures to an opadparkb
96 well microtitter plate and by measuring with ABE
excitation/emission wavelengths on a Synergy HTtimul
mode microplate reader (BioTek,USA). Chlorophyll
determinations for the cyanobacterium were made
according to the method of Marker (Marker, 1972y. F
total chlorophyll determinations (chlorophyll a ¥ df
Chlamydomonas reinhardtii, according to the method of
Porra (Porra et al., 1989). The maximum photosyitthe
efficiency of photosystem Il (PS Il) expressedtasdark
adapted Fv/Fm ratio parameter was calculated from
chlorophyll a fluorescence emission measuremeig us
amplitude modulated (PAM) fluorometry (Hansatech
FMS fluorometer, Hansatech, Inc, UK) essentially as
previously reported (Rodea-Palomares et al., 2012).

2.4. Detection of reactive oxygen species (RO

Control and treated cells were loaded with therBgoent
dyes 2',7'-dichlorofluorescein diacetate (H2DCFDA)
whose intracellular oxidation originates 2,7-
dichlorofluorescein (DCF) and C4-BODIPY®
(Invitrogen Molecular Probes; Eugene, OR, USA)
(Gomes et al., 2005). Mitochondrion-selective psobe
(MitoTracker Green FM and MitoTracker Orange CM-

ratio of 5. Due to the symmetry of the increase in
molecular weight and surface primary amino groups (
2, 4, increasing factor for G2, G3 and G4, respebt), a
fixed amount of dye allowed marking a constant nemb
of functional groups per molecule. The experimental
degree of labeling (DOL), the final concentratidn o
marked dendrimers, and the experimental number of
functional groups per mL, were calculated essdntéd
proposed by the producer’s protocol (see Supplesment
Table S1). Due to the closeness of the results and
easiness in subsequent experimental procedures, all
PAMAM-Alexa Fluor 488 conjugates (G2, G3 and G4)
were considered to have a nominal PAMAM
concentration of 500 mg/L and a homogeneous DOL. At
the end of the internalization experiments, dateewe
corrected according to the real experimental
concentrations and DOL of each dendrimer. In otder
discriminate surface bound and truly internalized
dendrimers, Anti-Alexa fluor 488 Rabbit IgG Fractio
(A-11094, Molecular probes), was used. This antybod
specifically links with Alexa488 dye producing ayhly
efficient quenching of the fluorescence signal. The
recommended amount of Anti-Alexa fluor 488 antibody
[2ul of antibody solution (Img/mL) for quenching 1mL
of 5 nM Alexa Fluor 488 solution] together with 0/and
1/100 dilutions were evaluated for their quenching
potency of the fluorescence of the PAMAM-Alexa Fluo
488 conjugates in incubation times of 10 min anan&®
by flow cytometry. We did not find statistically
significant differences in the quenching of fluareisce
emission for incubation times in the 10-60 min &g

H2 TM ROS (Invitrogen Molecular Probes; Eugene, ORpetween recommended and 1/10 and 1/100 dilutions. A

USA) were used to target mitochondria and evaluate
possible alterations of mitochondrial ROS homeasths
mM MitoTracker Green FM and MitoTracker Orange

CM-H2 TM ROS was freshly prepared in DMSO under

dim light conditions to avoid degradation. C. reindtii
cells were incubated for 1h with 200 nM and 500 nM
(final concentration) of MitoTracker Green FM and

final exposure time of 10 min and a 1/100 dilutadn
Anti-Alexa488 antibody were used. Internalization
calculations were made as explained in Table S1.

2.6 Microscopy

DCF, chlorophyll a, PAMAM-Alexa fluor 488
conjugates and C4-BODIPY® fluorescence in cellsewer

MitoTracker Orange CM-H2 TM ROS, respectively. Forvisualized using a confocal fluorescence microscope

the determination of intracellular ROS level, the
procedure as detailed in Rodea-Palomares et dl2J20

(Espectral Leica TCS SP5) with excitation at 488 nm
The emission filter was settled at 665 nm for abydny |l

was followed. Fluorescence was monitored on a $yner fluorescence visualization and 535 nm for fluoresee

HT multi-mode microplate reader (BioTek, USA) with
excitation and emission wavelengths of 488 andrs80
respectively.

2.5. Internalization studies

The Alexa Flour 488 reactive dye has a tetraflubeny!
(TFP) ester which reacts efficiently with primarmiaes
to form stable fluorescent dye-protein conjugatéh w
excitation and emission maxima of 494 nm /519 nm.
PAMAM-Alexa Fluor 488 conjugates were prepared
essentially following the standard protocol of klexa
Fluor 488 microscale protein labelling kit (A30006,
Molecular probes). Briefly, 1L of reactive dye was

markers (DCF, C4-BODIPY® and PAMAM-Alexa fluor
488 conjugates). Images were acquired with a Leica
Confocal Software (LCS Lite) and processed using
Adobe Photoshop 9.0 (Adobe Systems Inc., USA). All
comparative images (treated vs. untreated sampleg)
obtained under identical microscope and camermgsit
For transmission electron microscopy, the procedure
described in Rodea-Palomares et al. (2011) wasvel.

2.7. Flow cytometry

Chlorophyll (cell autofluorescence), DCF fluoresoen
lipid peroxidation (C4-BODIPY®) and internalizatiar
PAMAM-Alexa fluor 488 conjugates were evaluated

added to Img/mL of G2, G3 and G4 PAMAM dendrimeusing a Cytomix FL500 MPL flow cytometer (Beckman

solutions prepared in MiliQ water and was subsetiyien
prepared following the commercial protocol. This
amount of reactive dye was calculated based onlarmo

Coulter Inc., Fullerton, CA, USA). Setting adjusimof
the equipment, data acquisition and analysis and
measurements of chlorophyll, DCF and C4-BODIPY®
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fluorescence were performed as detailed elsewhere
(Rodea-Palomares et al., 2012).

2.8. Data analysis

All tests of statistically significant differencbstween
datasets were performed with the appropriate pmst h
test depending on the characteristics of dataSets.
single comparison of two means, Student’s t-tetgts<a
0.05 was used, when multiple comparison of meams wi
performed, ANOVA test was used with at p < 0.05 as
significant criteria with R software. In flow cytatry
analyses, statistically significant differences ever
assessed by the Kolmogorov-Smirnov test (P < @08)
to non-normality of frequency distributions of the
histograms, using CXP-2.2 software. Effective
concentration values (E2were computed by using
dose-response curve (drc) package version 2.2 for
software. Best fit dose-response model was choasedb
on the best log likelihood value and the minimiaatof
the residual of variances. Once the best fit mada
selected, ECvalues and their 95% confidence intervals
were computed based on the asymptotic-based
confidence intervals.

3. Results

3.1 Physicochemical characterization of PAMAM
dendrimersand cells

The properties of the amine- and hydroxyl termidate
G2, G3 and G4 PAMAM ethylenediamine core
dendrimers in pure water and in culture media hosva
in Table 1. Data correspond to water and culturdiane
without cells. The hydrodynamic diameter of denais
as measured by dynamic light scattering (DLS) riexka
the presence of aggregates of a few hundreds of
nanometers. In pure unbuffered water at pH 6.5auddc
observe peaks in the 2-5 nanometer range repregenti
low percentage of the intensity signal, but dominan
the number distributions determined from Mie’s tlyeo
These signals correspond to the size of individual

Table 1 are the lowest concentrations for whiclcedd
obtain consistent and reproducible results. For
dendrimers in AA/8 and HS media, the suspensions
appeared as perfectly monodisperse, with aggregates
the hundreds of nanometer range, slightly highan th
those measured in the same media without dendrimers
This probably indicates the adsorption of dendrsyar
the surface of the pre-existing particles of salgdia.

eTabIe 1. Particle hydrodynamic size determined by dynamic

light scattering, ang-potential measured by electrophoretic
light scattering with their95% confidence intervale data
correspond t@-potential and size of aggregates in water and
culture media without cells.

Pure Water AA/8 (*) HS (*) pH
Size (nm) pH 6.5 pH 7.2 7.4
without ; 354 + 90 217 + 14
dendrime
2.94 +0.23Y
G2-OH 597 + 180 371 + 590 325+ 270
3.52 + 0.40%
G3-OH 214 + 24® 340 + 36® 331 +34®
4.27 £ 0.33%
G4-OH 205 + 126) 482 + 600 269 + 210
2.25 + 0.44Y
G2-NH2 212 + 370 437 + 390 306 + 250
4.27 £ 0.20%
G3-NH2 205+ 184 385 + 430G 266 + 113
4.78 £ 0.49%
G4-NH2 190 + 8© 356 + 30 344 + 150
{-potential Pure Water AA/8 (*) HS (*)
(mV) pH 6.t pH 7.4 pH 7.4
without ; 226+0.7 | -4.80+1.84
dendrime
G2-OH +8.99 +0.7% | +16.2 £ 1.1 | +12.3 + 0.7
G3-OH +9.42 +1.1® | +17.0+1.29 | +14.8 + 3.39
G4-OH +10.8 +0.6® | +20.3+0.29 | +11.5 + 3.6
G2-NH2 +7.18 +0.58) | +12.3 £ 0.7V | +15.2 + 2.4
G3-NH2 +20.6 + 1.9 | +22.3+253|+20.3+4.209
G4-NH2 +27.2+ 1% | +351+2.29 | +34.8 +4.69

molecules in the PAMAM series, which increased from
2.9 t0 4.5 nm for the G2-G3-G4 series accordindnéo

(1) 20uM, (2) 2.0uM, (3) 10pM, (4) 1.0uM, (5) 5pM, (6)

producer (PAMAM-NH series) and appear together withé->HM.

a single peak corresponding to aggregates. Dueeto t
nature of the simplifications assumed for convertin
intensity into number or volume distributions in
multimodal samples, these data cannot be considered
absolute. However, they indicate the presencdafe
number of individual dendrimers in solutions, which
coexist with aggregates two orders of magnitudgelar
For the lower concentrations, for example whenipgss
from 20uM to 2.0uM in the case of G2-OH, the
intensity signal for individual dendrimers wouldcoene
not detectable, the suspension appearing as dgrfect
monodisperse. DLS is not a particularly sensitive
technique for PAMAM dendrimers because of their
refractive index, which is similar to that of thatsr
(Chu, 2008). For this reason, the intensity oftecety is
low, making it difficult to obtain a consistent siz
measurement for low concentrations. Those indiciated

(*) AA/8 is a 8-fold dilution of the medium of Alleand Arnon
(1955) and HS stands for Sueoka's high salt me{i9®0).
They were used to culture cyanobacteria and algae
respectively.

The charge of all dendrimers was positive in puagew
at pH6.5 and in the growth media of cyanobacter a
algae at the bioassay pH (7.4). This net positharge
can be attributed to the secondary and tertiarjesi
forming the dendrimer structure. The concentration
indicated for{-potential measurements in Table 1 was
again the lowest for which we could obtain reprobliec
data, the signal-to-noise ratio being too low tb ge
reliable electrophoretic determinations for lower
concentrations. In the culture media used for
cyanobacteria (AA/8) and algae (HS), we could oleser
negatively charged nanoparticles with sizes in2@-
400 nm range, the size of which increased in tkeguce

Nanotoxicology, 9, 706-718, 2015.



Table 2. Physicochemical characterizationGiilamydomonas reinhardtii and Anabaena sp. PCC7120 cells in
exposure media

Chlamydomonas reinhar dtii

Cell size (as Surface charge Wavenumber (cn) | Peak assignment
estimated by TEM) | (-potential; pH: 7.
8-10 um -15.30 £ 1.08 350( Amide A
320( Amide B
2923 C-H spasymmetric stretching
vibrations
2852 C-H spsymmetric stretching
vibrations
1618 Amide | Band (C=0 stretching
vibrations inproteins
1460 to -CH and -CH stretching
vibrations in proteir
1384 stretching vibrations of Gtdnd

CHs and/or vending vibrations
from C-O bond in carboxylic

acids

1320 C-O stretching vibration in
carboxylic acid

1200-800 vending vibration of C-O-C and

C-0 bonds in polysaccharic

Anabaena sp. PCC712

Cell size (TEM Surface charg Wavenumber (cr?) | Peak assignme
2-3 um individual -15.43+£2.2 350( Amide A
cells within 320( Amide B
filaments 2923 C-H spasymmetric stretching
vibrations
2852 C-H spsymmetric stretching
vibrations
1618 Amide | Band (C=0 stretching
vibrations in protein:
1460 to -CH and -CH stretching
vibrations in proteir
1384 stretching vibrations of Gtdnd

CHs and/or vending vibrations
from C-O bond in carboxylic

acids

1320 C-O stretching vibration in
carboxylic acid

1200-800 vending vibration of C-O-C and

C-0 bonds in polysaccharic

of dendrimers. This is most probably because of the  quite similar for both organisms which share simila
attachment of positively charged dendrimers to the surface functional groups as obtained by FTIR (&bl
negative surface of the particles in the médpmtential  and Fig.S1). FTIR spectroscopy is a sensitive flaralhe
increased in this case up to values close to thbsened study of microbial cell surface (van der Mei et &89).
in pure water, the results having been obtaineld wit FTIR analyses of bot@. Reindhartii and Anabaena sp.
much better photon count intensities. PCC 7120 revealed absorption spectra in the irdrare
regions between 3700 cm-1 and 600 cm-1 clearly
dominated by amide-type resonance and highly sinfila
not almost identical for both organisms. Both IR
absorption spectra showed a strong absorptionrpaitte
multiple peaks found around 3500 ¢mnd 3200 cm
and 1618 cm. Absorption peaks cantered at 3500'cm
and 3200 cm may correspond to the amide A (about

Relevant physicochemical properties of algal cglise
also studied (Table 2). As estimated by a reprasigat
number of TEM images, the size of the algal cedised
between 8 and 10 um while the individual cyanobadte
cell size ranged between 2-3 um. The cell surfaeege
at the pH of the bioassays was negative as expected
(Dittrich and Sibler, 2005, Hadjoudja et al., 2040y

Nanotoxicology, 9, 706-718, 2015.



3500 cm') and amide B (about 3100 djnbands, assigned to C-O stretching vibration in carboxglods
respectively (resulting mainly from N-H stretching (Dittrich and Sibler, 2005). Finally, the broad afygion
vibrations). The peak at 1616 @¢mrmay be assigned to theband between 1200 chand 800 cn has been typically
Amide | band (between 1600 and 1700%¢nmainly assigned to the overall contribution of vendingatton
associated with the C=0 stretching vibrations mtgins  of C-O-C and C-O bonds in polysaccharides (Dittrich
(Dittrich and Sibler, 2005, Kiefer et al., 1997heke and Sibler, 2005). This last broad region (1206 @md
peaks may then be assigned to functional groupepte 800 cm') is where the IR spectra of both organisms
mainly in proteins which represent a significartt jgd showed the most remarkable differenceClmeinhardtii,
the cell wall and membranes of both organis@s: its spectrum presents a higher absorption all tyinout
reinhardtii has a high proportion of hydroxyproline-rich the region in comparison to Anabaena sp. PCC7120
glycoproteins in its cell wall (Goodenough and Heus  spectrum (Fig. S1B and D). These differences may be
1985, Kiefer et al., 1997) and the cyanobacterium explained by a higher contribution of polysacchesitb
Anabaena sp. PCC7120 is a Gram negative bacterium the total composition of the cell wall 6f reindhartii as
with a characteristic peptidoglycan layer. In thectra, = compared to the cell wall of Anabaena sp. PCC7120,
it can also be observed a double peak of IR akdsorpt ~ which has a thin layer of peptidoglycan with no

2923 cmt and 2852 cm corresponding to C-H $p exopolymeric substance (EPS) external layer (which
asymmetric and symmetric stretching vibrations of implies a lower amount of polysaccharides) (Rodea-
hydrocarbon backbones mainly from alkyl functional ~ Palomares et al., 2011, Leganes et al., 2005).

groups. Looking at the fingerprint region (from 080 .

800 cm?), some small but specific absorption peaks can3'2' Effect on the growth of cyanobacteria and algae
also be identified: a weak absorption peak at It60 Table 3 shows the effects of hydroxyl-terminated an

has been previously assigned to 2GiHd -CH stretching amine-terminated G2, G3 and G4 dendrimers on growth
vibrations in proteins, the well-defined peak aB48m*  of the green alg€hlamydomonas reinhardtii and the

has been assigned to stretching vibrations of &tdl cyanobacterium Anabaena sp. PCC 7120, dose-response
CHs and/or vending vibrations from C-O bond in profiles of the different PAMAM dendrimers for bath
carboxylic acids. The peak at near 1320'@an be

Table 3. Dose-effect parameters of toxicity (as growthibitfon) induced by PAMAM dendrimers for both
Chlamydomonas reinhardtii and Anabaena sp. PCC7120 after 72h of exposure.

Chlamydomonas reinhardtii
Model Max. Max.

Compouni| fitted" Stimulatior? Inhibition® ECic (mg/L) ECsc (mg/l) ECoc (mg/l)
G2-OH - - 10 (30%) - - -
G3-OH - - 10 (50%) - - -
G4-OH BC.E 0.27 150%) - 0.4440.41-0.47 | 0.74(0.6¢-0.78 | 1.0240.91-1.13
G2-NH2 LL2.3u - - 0.5(°(0.4¢-0.52' | 0.5€°(0.57-0.59 | 0.72°(0.6¢-0.74
G3-NH2 W2.4 - - 0.4440.41-0.46' | 0.5€%(0.4¢-0.64 | 0.65°(0.52-0.77
G4-NH2 W1.4 - - 0.55%(0.5%-0.56; | 0.68(0.€7-0.69 | 0.7¢ (0.75-0.81
Anabaena sp. PCC712I

Model Max.
Compoun: | fitted Stimulatior Max. Inhibition | ECyc (mg/l) ECsc (mg/l) ECac (Mmg/l)
G2-OH - 10 (1(5%) 0% - - -
G3-OH - 10 (105% 0% - - -
G4-OH W1.E - - 2.6€%(1.8(-3.52° [3.97%3.55-4.41 |5.1H44C-5.77
G2-NH2 |LN.2 - - 1.07(0.72-1.41 |1.7€°(1.4¢-2.03' |2.91°(2.0€-3.76
G3NH2 [LL.3u - - 2.16¥1.87-2.46 | 2.57%(2.45-2.71 |2.92°(2.65-3.22
G4-NH2 |BC.E - 2.56%2.32-2.78 |3.379(2.9€¢-3.52 |4.533.77-5.12

Statistically significant differences (ANOprpst hoc, p< 0.05) for the different effective concentratidis,) are
indicated by superscript letters.
1 Model fitted: Fitted models were selected basethe best fit offered by drc package for R. Naatfior the
selected fitted models is according to drc notaB@n5. Brain Cousens model, LL2.3u: Log-logisti8 2l shaped,
W2.4: Weibull model 2.4, W1.4: Weibull model 1.41V8: Weibull model 1.3, LN.2: Log-normal 2 paranste
model, LL.3u: Log-logistic three parameters,
2 Max. Stimulation: Concentration at which the nmaxim stimulation occurred together with the % ahstiation
(between parentheses) of the studied end-poinecesp the control level.
3. Max.Inhibition: Concentration at which the maximunhibition occurred together with the % of inhibn
(between parentheses) achieved at that concemtratio
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reindhartii and Anabaena sp. PCC7120 from which
information in Table 3 was derived can be found in
supplementary material Fig. S2. The maximum growth
inhibition for G2-OH in the green alga was 30%le t
highest concentration tested (10 mg/L). A growth
inhibition of 50% for that same concentration wasrd
for G3-OH, both hydroxyl-terminated dendrimers lgein
nontoxic for the cyanobacterium. In fact a mildietic
response was recorded as growth was stimulate@dby 5
after treatment with both dendrimers at the highest
concentration tested (10 mg/L). G4-OH was toxic for
both organisms and, according tosg@alues, it was
significantly (one order of magnitude) more toxadhe
green alga than to the cyanobacterium. Notewoethy,
true hormetic effect (50% growth stimulation) was
observed at very low concentrations in the grega.dh
contrast to hydroxyl-terminated dendrimers, all the
amine-terminated ones were toxic for both the gedga
and the cyanobacterium. The cationic dendrimerg wer
significantly more toxic to the green alga. Theadat
Table 3 are given in mass concentration units (ng/L
However, toxicity should also be analyzed consitgri
the large differences in molecular weight of theted
dendrimers. To this end Supporting Informationiieg
in Table S2 with dendrimer concentrations expressed
MUM. It is clear that when concentrations are exgadsn
terms of molarity, there is a clear relationshipAzen
dendrimer generation and toxicity: the higher the
generation, the higher the toxicity so that both G4
dendrimers showed the lowest (and quite similary EC
values indicating that they are the most toxic ones
towards both organisms.

3.3. Oxidative stress and cell damage

Increasing evidence indicates that nanoparticles in
general can generate reactive oxygen species (RQ@S)
subsequently oxidative stress (“the oxidative stres
paradigm”) which might eventually lead to cell dayjaa
and cell death (Xia et al., 2006). In order to stigate
whether the tested hydroxyl-terminated and amine-
terminated dendrimers elicited oxidative stresS.in
reinhardtii and Anabaena, ROS formation was evaluate
by fluorometry, flow cytometry and confocal micropy
using the fluorescence indicators DCF (general aixid
stress indicator) and C4-BODIPY (membrane lipid
peroxidation).

Fig. 1shows the DCF fluorescence intensities ndeedl
to the concentration of chlorophyll in the samgale (
recorded by fluorescence spectrophotometry) amd flo
cytometry histograms representing DCF green
fluorescence intensities (arbitrary units) versusiber of
cellular events (frequency) & reinhardtii (Fig. 1A)
and Anabaena (Fig. 1B). In the green alga (Fig, 148
hydroxyl-terminated G2-OH and G3-OH significantly
increased DCF fluorescence intensity at conceotrsti
above 1 mg/L particularly after 48 hours of expesur
Fluorescence intensity returned to control levétksr &2
h of exposure. This increase in ROS formation cdeld
correlated to the mild growth inhibition observedree

higher concentration tested (Table 3). On the apytin
the cyanobacterium (Fig. 1B), the hydroxyl-terméthat
G2-OH and G3-0OH, which did not show any toxicity di
not increase DCF fluorescence intensity at anyef t
tested concentrations. In the green alga (Fig. th),
toxic hydroxyl-terminated G4-OH PAMAM dendrimer
increased DCF fluorescence intensity at conceotrsti
above 0.4 mg/L after 48 h of exposure, indicatirilgl m
but significant ROS formation and highly increa&sgF
fluorescence after 72 h of exposure at concenirsitio
above 0.75 mg/L. In the cyanobacterium (Fig. 1Bg, t
toxic hydroxyl-terminated G4-OH PAMAM dendrimer
mildly although significantly increased DCF fluocesice
intensity at concentrations in the range betweand 4
mg/L after 24 h of exposure further inducing a high
increase at concentrations above 4 mg/L whichdaste
throughout the experiment indicating significant RO
formation.

The three cationic dendrimers significantly incexhs
DCF fluorescence in the green alga (Fig. 1A) af&h
and, to a greater extent, after 72 h of exposure at
concentrations above 0.1 mg/L indicating significan
ROS formation which correlated with the observeghhi
toxicity of these three dendrimers (Table 3). Tikis
further confirmed by the flow cytometry histograms,
which showed shifts to the right at these concéntra
indicating subpopulations of cells with increasedf
fluorescence intensities and, therefore, incre&se8
formation. In the case of the cyanobacterium (ER),
the three cationic dendrimers also significantyréased
DCF fluorescence indicating ROS formation at
concentrations above 1 mg/L and for shorter exmosur
times (24 h).The intensity of DCF fluorescence dased
for longer exposures. Flow cytometry histogramsastb
shifts to the right that were clearly significafftea 24 h

of exposure indicating subpopulations of cells with
increased ROS formation. The observed decreas€Bf D
fluorescence for higher exposure is also refleuteshifts
to the left in the flow cytometry histograms indiog
filament fragmentation and eventually cell damage a
geath (Fig. S3). In addition, DCF fluorescence data
Showed that ROS formation, which may lead to oxigat
stress, occurred at lower dendrimer concentratiotise
green alga as compared to the cyanobacterium which
agrees with a higher toxicity of dendrimers to giheen
alga (Table 3).

Fig. 2 shows confocal micrographs of DCF green
fluorescence and chlorophyll red autofluorescerice o
both the green alga (Fig. 2A) and the cyanobaateriu
(Fig. 2B) exposed to 1.5 mg/L of G2-NH2 (as
representative of toxic cationic PAMAM dendrimei)
24 h. Optical micrographs of the green alga (F#&). 2
show cell protrusions or deformities, which are enor
pronounced in the underneath cell. Chlorophyll
autofluorescence indicated that both cells showFign
2Awere viable. Interestingly, DCF fluorescence (ROS
formation) in the cells was not uniform and theswa
clear area of the cell that in the overlay imagamsed to
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Figure 1. Oxidative stress i. reinhardtii (A) andAnabaena PCC7120 (B) cells exposed during 72h to -MHd —
OH surface terminated PAMAM dendrimers. Oxidatitress was measured by recording the fluorescenissiem
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Figure 2. Cellular localization of ROS signal induced byHNPAMAM dendrimers. Representative confocal images
of (A) C. reinhardtii and (B)Anabaena PCC7120 cells exposed to 1.5 mg/L of G2-NMAMAM dendrimers. Images
are (left to right) bright field, chlorophyll fluescence (red), DCF fluorescence (green) and overlay

correspond to the chloroplast that showed les®or n
green fluorescence. This suggested that ROS favmati
was not related with photosynthetic membranedén t
underneath cell there was a clear DCF fluorescence
signal in the cytoplasmic deformity. A representi
filament of the cyanobacterium is shown in Fig. Biyh
DCF fluorescence was clearly visible in every oélihe
filament. However, as in the case of the green, dlga
fluorescence was not uniformly distributed withire tcell
and, as shown in the overlay image, the cell andths
less or no DCF fluorescence were the thylakoids
(photosynthetic membranes). These results sugugst t
ROS formation did not occur in photosynthetic
membranes either in the alga or in the cyanobaeteri

Nevertheless, as photosynthesis is one of the main
cellular targets of oxidative damage, we checkedtidr
the photosynthetic machinery of both organisms was
affected by dendrimers by measuring chlorophyll a
fluorescence emission. This technique is a non-
destructive measure used to detect and estimattatues
of photosystem Il (PSll), which is the main sitattfs
highly susceptible to many environmental stresses i
photosynthetic organisms (Geoffroy et al., 2007). B4
shows the dark adapted Fv/Fm ratio of the
cyanobacterium and alga in the presence of inargasi
concentrations of dendrimers; this parameter id ase
an indicator of maximum photosynthetic performarice;
reflects the potential maximum of PSIl quantumgiet
guantum efficiency of open PSII centres (Maxwell an
Johnson, 2000). As observed in the figure, theme wet
relevant differences with any of the treatments tose-
effect manner as compared to the control indicatiiady
photosynthesis was not targeted by dendrimers. TEM
micrographs (Fig. 3B, C) confirm the presence of
cytoplasmic deformities in dendrimer-exposed green

algal cells possibly owing to chloroplast shrinkagel
subsequent cell disorganization. The observedysiatn
may indicate plasma membrane disruption. Anyway,
there was no loss of cytoplasmic contents becasse,
observed, the cell wall, made primarily of
hydroxyproline-rich glycoproteins, was apparentigiiw
preserved. Mitochondria were clustered (condensed)
within protrusions, some of them swollen with las
cristae. We also observed electron dense granules,
probably small vacuoles. TEM micrographs of Anabaena
(Fig. 3F, G) cells showed cell wall and membrane
disruption with apparent loss of cytoplasmic cotgen
Lipid peroxidation was revealed by the C4-BODIPY
fluorescent dye. Flow cytometry histograms indidgdiel
peroxidation inC. reinhardtii (Fig. 4A) but not in
Anabaena PCC7120 (Fig. 4B) cells exposed to 1.5 mg/
G2-NH2 PAMAM dendrimers. Confocal images showed
that BODIPY green fluorescence in the green algag (F
4C) was localized not in the plasma membrane but in
cytoplasmic organelles or vesicles. These were not
related to the photosynthetic membranes as showineby
overlay image. Vesicles marked with BODOPY appeared
mainly in peripheral locations in the cell with nyaof

them localizing in the anterior end of the cellthe place
not occupied by the chloroplast and the part of the
cytoplasm that seemed to protrude in many algé cel
treated with toxic dendrimers (confocal and TEM
images, see Figs. 2 and 3).

In order to relate these affected vesicles with
mitochondria, two MitoTracker probes were used:
MitoTracker Green FMwhich accumulates in the
mitochondria and MitoTracker Orange CM-H2 TM ROS
which is widely used as indicator of mitochondrial
reactive oxygen species. MitoTracker Green FM targe
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Figure 3. Representative TEM images illustrating the cyasplic protrusion observed @ reinhardtii and the
envelope disruption iAnabaena PCC7120 exposed to -NRAMAM dendrimers. (A) Control untreatetl
reinhardtii cell. (B)C. reinhardtii cell exposed during 48h to 1.5 mg/L of G2-NPAMAM dendrimers. (C)
Details ofC. reinhardtii cells exposed to 1.5 mg/L of G2-NRAMAM dendrimers. (E, DAnabaena PCC7120
untreated control cell. (F, G) detailsAriabaena PCC7120 exposed during 24h to 1.5 mg/L of ;IRAMAM
dendrimers. CW=Cell wall; SG= Starch granule, ChilgCoplast; M=Mitochondrion; TK=Thylakoid

Events
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Anaboena sp.pcc7ize O

Figure 4. Lipid peroxidation as marked by BODIPY (480/528roacurred inC. reinhardtii but not inAnabaena
PCC7120 cells exposed to -BNHAMAM dendrimers. Representative frequency hisiowg of FL1 channel of (AJ.
reinhardtii and (B)Anabaena PCC7120 exposed to increasing concentrations diB2°PAMAM dendrimers during
48h of exposure. Representative confocal imagé8)dt. reinhardtii and (D)Anabaena PCC7120 cells exposed to
1.5 mg/L of G2-NH PAMAM dendrimers showing cellular localizationBODIPY signal. Images are (left to right):
bright field, chlorophyll fluorescence (red), BOMMuorescence (green) and overlay.
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Figure5. Intracellular localization of mitochondria andtaghondrial oxidation induced by —-NIRPAMAM
dendrimers. Representative confocal images ofdAginhardtii control cells and (BE. reinhardtii cells exposed
during 24h to 1.5 mg/L of G2-NHPAMAM dendrimers. Images are (left to right) bitidield, mitochondria
(Mitotracker Green FM), mitochondrial oxidation (fdtiracker Orange CM-H2 ROS), overlay of Mitotraclaeen
FM and Mitotracker Orange CM-HROS images and overlay of bright field, Mitotrackimeen FM and Mitotracker

Orange CM-HROS images.
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Figure 6. Cellular localization of PAMAM dendrimers conjugd to Alexa Fluor 488 i. reinhardtii (A,
B) after 24 h incubation with 1.5 mg/L of G2-MHAnabaenaPCC7120 cells (C) after24 h incubation with
1.5 mg/L of G2-NH. Images are (left to right): bright field, chlotopl fluorescence (red), DCF

fluorescence (green) and overlay.
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mitochondria and, as shown in Fig. 5, the green
fluorescence was homogenously distributed in non-
treated cells (Fig. 5A) while there was a clear
condensation in a certain area of the dendrimeosegb
cells (Fig. 5B) which correlated with the locatiomsere
mitochondria seemed to condense (Fig. 3). Thetsesul
with MitoTracker Orange CM-H2 TM ROS, which
fluoresces orange when oxidized (Fig 5), and tludse
BODIPY (Fig. 4) clearly indicated that dendrimer
toxicity was related to an increase in ROS fornratiad
lipid peroxidation in mitochondria. In the casettod

where the cellular deformities have been observemutg
clearly seen in Fig. 6B), the overlay image shdves the
Alexa-dendrimer conjugates did not localize in the
chloroplast. Taking into account the results wité t
MitoTracker probes (Fig. 5), it is tempting to seggthat
the dendrimers were localizing in the mitochondviach
get condensed in cell deformities (TEMimages, B(@).
Fig. 6C shows a representative cyanobacterial &larit
is clear that the dendrimers have been internabned
distributed throughout the cytoplasm. Curiouslyisca
division showed less internalization. The overlaages

cyanobacterium (Fig. 4D), no BODIPY fluorescences washowed that, in general, the dendrimers did naline

recorded, indicating that membrane lipid peroxiaiati
was not involved in the toxic response of this aiggo:
the cyanobacterium is a prokaryotic organism wih n
intracellular organelles with the exception of the
photosynthetic membranes (thylakoids) which did not
seem to be functionally affected by dendrimers.

3.4. Internalization of cationic dendrimers

It has been found that dendrimers are internalized
different animal and human cell systems (Albert&tzi
al., 2010, Leroueil et al., 2007, Nel et al., 208Bukla et
al., 2006, Tajarobi et al., 2001). However, to our
knowledge, there are no reports in the literatdire o
dendrimer internalization into organisms of

in the photosynthetic membranes, which correlaiés w
the lack of ROS formation and the lack of effect of
dendrimers on photosynthesis.

4, Discussion

Most studies up to date have found that toxicity of
PAMAM dendrimers in different cell systems depends
generation (size), dose, exposure duration, spaciés
nature (charge) of the terminal groups (Jain e2all0,
Malik et al., 2000, Roberts et al., 1996). Thesists
have been performed on animal or human cell
lines/organisms due to their interest in biomedretdted
research and reported that low generation PAMAM
dendrimers are not toxic or less toxic than thiajhar

environmental relevance such as algae and cyar@itzact generation counterparts (Jevprasesphant et aB, 200

To study whether PAMAM dendrimers were also
internalized in the green alga and the cyanobaxtenve
conjugated the cationic dendrimers with Alexa Fldd8
to yield green-labelled PAMAM dendrimers. The
AlexaFluor conjugates can be easily detected hy flo
cytometry and confocal microscopy. Because cationic
dendrimers show a high affinity for negatively ajed
cell surfaces, in order to distinguish between teié
dendrimer internalization and cell-surface bound
dendrimers we used a specific anti Alexa 488 adtibo
This antibody is unable to cross cellular membraames
upon binding, it effectively quenches the fluoresmeof
cell-surface bound Alexa Fluor 488-dendrimer
conjugates, so that only conjugates internalizéal time
cell are visualized. Firstly, we determined the raft cell
uptake in the absence and presence of the antibody
(Table S1 and Fig. S5).

The data indicated that in the green alga, theethre
dendrimers were quickly internalized (71% of G2,74%
ofG3 and 100% of G4 after 10 min calculated as
described in Table S1). In the cyano bacterium deredt
uptake was slower with 100% uptake after 2 h, aigimo
G4 dendrimer uptake was slightly quicker than tifdhe
other two for the shorter time assayed. The exparim
showed that in both organisms the Alexa Fluor-
dendrimer conjugates were largely internalized eaten
the shorter time assayed (10 min) with very lovemé&bn
times in the cell surfaces. Fig.6 shows confocal
micrographs of internalized Alexa-dendrimer conjega
in the green alga (Fig. 6A and B) and in the
cyanobacterium (Fig. 6C). In the green alga, mbtte
fluorescence was located at the anterior end of¢he

Malik et al., 2000, Roberts et al., 1996). Thereejast a
few reports in the literature concerning the tayicif
dendrimers on organisms of environmental relevaince;
fact this is the first report on cyanobacteria. &egg
algae, Petit et al. (2010) also found an increaeedity
with increasing generation number of cationic
dendrimers irChlamydomonas reinhardtii. Their EG
values were one order of magnitude higher thamties
found in our study, the difference being possihig tb
the different toxicity endpoint considered. Petiak
(2010) used cell viability (measured as esteraseigy
and we have used direct measurements of growth
inhibition. Most studies found that dendrimers with
cationic amine terminal groups (and therefore pasit
charged) are generally more toxic than hydroxyl-
terminated dendrimers (Brazeau et al., 1998,
Jevprasesphant et al., 2003, Malik et al., 200@nGH
al., 2004) This is because cationic dendrimersaacte
with negatively charged functional groups in cell
membranes, destabilizing them and eventually riesult
in cell lysis (Hong et al., 2006, Rittner et al002). Our
results also show that cationic PAMAM of the G2 and
G3 generation dendrimers were more toxic to bath th
green alga and the cyanobacterium than their hytirox
terminated counterparts. The role of surface ch@rge
potential) was clear as the most toxic cationicddiemers
G3-NH2 and G4-NH2 also had the highest net positive
charge in the culture media (Table 1). Howeverh lis4
dendrimers showed similar toxicity, indicating that
charge is not the only parameters affecting derghrim
toxicity in both microorganisms.
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The amino-terminated cationic dendrimers and G4-OH
significantly increased the formation of ROS in green
alga and the cyanobacterium. ROS production caeetla
with the growth inhibition of both organisms. Ogatiic
micrographs revealed that ROS formation was natedl
with the chloroplast or with photosynthetic memlasn
showing diffuse distribution in the cyanobacteriand
concentrating in protrusions or deformities in the
cytoplasm of the green alga. In fact, photosystem |
photochemistry was not damaged. Petit et al. (2012)
found that G4-NH2 induced ROS formationGn

of dendrimer entry into the cell (Albertazzi et 2010,
Leroueil et al., 2007). The mechanisms of dendrjraed
in general, nanoparticle internalization in algad a
cyanobacterium are presently unknown. Direct
penetration of dendrimers in the cyanobacteriumase
plausible since endocytic mechanisms are a fundiainen
eukaryotic- specific process of membrane traffigkin
However, endocytosis like protein uptake has been
reported in a bacterium (Lonhienne et al., 201@) an
more recently, it has been suggested that cyarsrieact
use classical endocytosis and macropynocytosis to

reinhardtii but their results suggested that photosynthetimternalize exogenous GFP (Liu et al., 2013). ln¢hse

processes were affected by the dendrimer.

TEM micrographs of the green alga revealed cellatgm
due to dendrimer exposure with cell ultrastructure
disorganization and clustered mitochondria. Fluoeas
probes showed that dendrimer toxicity was relateait
increase in ROS formation and lipid peroxidatiohase
organelles. In the cyanobacterium, cell wall and
membrane disruption with apparent loss of cytoplasm
contents was found; although no similar studieshav
been undertaken with prokaryotic organisms such as
cyanobacteria, it is well known that cationic
nanoparticles may interact with negatively charged
membranes producing nanoholes, membrane thinning
and disruption (Nel et al., 2009).

We report for the first time that cationic PAMAM
dendrimers (in Alexa-dendrimer conjugates) were
quickly and largely internalized by the green &ga the
cyanobacterium with very low retention in cell sués.
Most of the dendrimer-conjugate fluorescence was
located in the cellular deformities/protrusiongofen
algae where damaged mitochondria clustered; in the
cyanobacterium, the fluorescence was more diffusely
distributed although for both alga and cyanobaateyi
the Alexa-dendrimer conjugates did not localizénim
chloroplast or photosynthetic membranes. Studies in
human cell lines have also shown efficient dendrime
internalization with differences in residence tinreghe
cell membranes probably linked to differences in
membrane chemical composition; thus, in addition to
molecular size certain factors such as specificutatithn
of cell membrane by dendrimers might also be inedlv
in their permeability (Albertazzi et al., 2010, Klauet
al., 2006, Tajarobi et al., 2001). In conclusidrsdems
that dendrimer uptake and internalization largepehds
on the cell type and on specific dendrimer featsresh
as size or charge. In fact, as the generationtafria
PAMAM dendrimers increases, the number of surface
NHz>-groups also increase, these surface groups being
responsible for the binding to the cell envelopielsath
organisms that, as shown by theotential

of the green alga, a eukaryotic organism, vereligt
known about endocytosis although clathrin-coated
vesicles have been purified from this alga (Denrmind
Fulton, 1989). The intracellular fate is also negac
because very little is known about the endosonstesy
of green algae. Our data suggest that in the alga
internalized dendrimers target mitochondria, résglin
oxidative stress in these organelles which arentiste
for the bioenergetics of the organism as well as in
apoptotic processes. Independently of the interatdin
mechanisms, the fact that cationic PAMAM dendrimers
are quickly and efficiently internalized by organis of
high ecological relevance in aquatic ecosystemi aac
green algae and cyanobacteria may pose a serious
environmental issue due to the observed cytotgxicit

5. Conclusions

The toxicity of macromolecules designed for medical
applications has been rarely assessed for envinatane
microorganisms such as algae and cyanobacteridawhic
are at the base of food webs and are determinatti¢o
health of ecosystems. We showed that both types of
organisms were very sensitive to dendrimers paatityu
cationic ones although a generation effect was zdsent
as the hydroxyl-terminated G4-OH was very toxic to
both. We showed that damage proceeded due to the
production of reactive oxygen species and celaultr
structural disorganization, although remarkably
photosynthesis seemed unaffected; cationic dendsime
were largely and quickly internalized in both tyjpds
organisms showing a diffuse distribution in
cyanobacteria and affecting mitochondria in algdllsc
These results confirm the potential danger of thential
release of PAMAM dendrimers to the environment and
provide relevant data towards effective risk assess of
this kind of nanomaterials.
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Table S1. Uptake and internalization of Alexa Fluor 488-dendrimer conjugates in C. reinhardtii and Anabaena sp. PCC 7120 cells.

C. reinhardtii

10 min 60 min 240 min Exponential fit*

% Uptake' % Internalized’ % Uptake' % Surface’ % Internalized’ % Uptake' % Internalized’ Slope
G2 71.30 72.81 8.76 100.00 0.13 0.98
G3 74.29 108.10 1.05 100.00 0.20 0.97
G4 95.08 102.00 9.00 100.00 2.14 0.95
A.PCC 7120

% Uptake1 % Internalized’ % Uptake1 % Surface’ % Internalized’ % Uptake' % Internalized’ Slope
G2 32.17 93.94 -3.50 100.00 0.04 0.95
G3 30.87 85.04 -3.90 100.00 0.04 0.94
G4 57.45 84.26 -2.80 100.00 0.10 0.96

Cells were exposed to 1.5 mg/L of Alexa 488-dendrimer conjugates G2, G3 and G4, which implied an equivalent exposure in terms of
functionalized surface groups (approximately 15 pmol FG/L in all cases). Fluorescence was measured by flow cytometry (488/528 nm).

' % Uptake for each time-point was derived by taking as reference the maximum emission recorded for each treatment along the experimental
time course as follows: % Uptake = (Fluor 528ti/Fluor 528t,x)*100. Where Fluor 528t; and Fluor 528t,,,x were the mean fluorescence signal at

528nm at time t; and the maximum mean fluorescence at 528nm, respectively.

23. 9, Surface and % Internalized were estimated based on the anti-Alexa 488 experiments as follows: % Internalized = (Fluorquenched 528¢; /

Fluor 528t;)*100; % Surface = (100- % Internalized). Where Fluorguenchea 528t; and Fluor 528t; were the mean fluorescence signals at 528nm at
time t; with and without anti-Alexa488 treatment, respectively.
* % uptakes were fitted by the following exponential model: y = A*( 1 - exp(-k*(x-xc)) ). Were K is the slope of the exponential rise.

R? accounts for the goodness of fit. Fitted functions and equation parameters are provided in Supplementary Figure S5




Table S2. Dose-effect parameters of toxicity (as growth inhibition) induced by PAMAM dendrimers for both Chlamydomonas reinhardtii and Anabaena sp.

PCC7120 after 72 h of exposure.

Chlamydomonas reinhardtii

Compound Model fitted' Max. Stimulation’ Max. Inhibition EC;, (uM) ECsy (uM) ECy (UM)

G2-OH - - -30% - - -

G3-OH - - -50% - - -

G4-OH BC.5 0.018 (50%) - 0.03%(0.029-0.033) 0.052%(0.049-0.055) 0.071%(0.064-0.079)
G2-NH2 LL2.3u - - 0.153°(0.150-0.160) 0.178°(0.175-0.181) 0.218°(0.212-0.227)
G3-NH2 W24 - - 0.063(0.059-0.067) 0.081°(0.069-0.093) 0.094°(0.075-0.111)
G4-NH2 Wl1.4 - - 0.038%(0.037-0.039) 0.047°(0.047-0.049) 0.054%(0.053-0.057)
Anabaena sp. PCC7120

Compound Model fitted = Max. Stimulation Max Inhibition = ECyy (uM) ECsy (UM) ECy (UM)

G2-OH - 3 (5%) 0% - - -

G3-OH - 1.44 (5%) 0% - - -

G4-OH WI1.3 - - 0.187%(0.127-00.248)  0.279(0.248-0.310) 0.360%(0.316-0.406)
G2-NH2 LN.2 - - 0.328%(0.221-0.433) 0.540°(0.458-0.623) 0.890°(0.633-1.155)
G3-NH2 LL.3u - - 0.312%(0.271-0.356) 0.370°(0.352-0.392) 0.422°(0.381-0.466)
G4-NH2 BC.5 - - 0.180°(0.163-0.193) 0.230%(0.208-0.248) 0.318%0.265-0.360)

Statistically significant differences (ANOVA, post hoc, p< 0.05) for the different effective concentrations (EC) are indicated by superscript letters.

': Model fitted: Fitted models were selected based on the best fit offered by drc package for R. Notation for the selected fitted models is according to drc
notation: BC.5. Brain cousens model, LL2.3u: Log-logistic 2.3 U shaped, W2.4: Weibull model 2.4, W1.4: Weibull model 1.4, W1.3: Weibull model 1.3,
LN.2: Log-normal 2 parameters model, LL.3u: Log-logistic three parameters,

*: Max. Stimulation: Concentration at which the maximum stimulation occurred together with the % of stimulation (between parentheses) of the studied end-
point respect to the control level.

’: Max. Inhibition: Concentration at which the maximum inhibition occurred together with the % of inhibition (between parentheses) achieved at that
concentration.



a2l 2 38 H £ = D - g % z T 8 8
f i
!
= 020 2 nne {
§ o £ nos | |
g 3
Ed T
o - 008
Wewa i 1 wer a1
43 B3 &3 5 5 g8 g E § B g &
£ o 3 D = T EEE e
042 1 012 4 |
# 0.10 - |
a3n [ il
i
|
¥
AN /
/
e,
ann A e —

Waenumber o1 Wavenurmber err 1

Figure S1. FTIR spectra of C. reindhartii (A, B) and Anabaena sp. PCC7120 (C,D)
cells. FTIR spectra are presented between 4000 cm” and 800 cm™ (A and C), and more
detailed information is given in the fingerprint region (between 1800 cm™ and 800 cm”
' B and D). Main peaks are indicated by arrows. See Table 2 for specific band
assignments.
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Figure S3. A: FS-SS density plots showing the filament fragmentation of Anabaena PCC7120

exposed to G2-NH,, G3-NH,, G4-NH, and G4-OH PAMAM dendrimers occurring at increasing
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treatments. (B) Schematic representation of the different levels of filament fragmentation of
Anabaena PCC7120 as observed by the microscope.
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Figure S5. Exponential fit of Alexa Fluor 488-dendrimer conjugates uptake for (A) C.
reinhardtii, and (B) Anabaena sp. PCC 7120.
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