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Abstract — Silica nanopatrticles (NPs) belong to the indabijrimost important NP types.
In a previous study it was shown that amorphous 8iPs of 12.5 and 27.0 nm are stable
in algal growth inhibition assays and that theiotegic effects are related to NP surface
area. Here, it was hypothesized and demonstragéédthalumina coating completely alters
the particle-particle, particle-test medium andtipba-algae interactions of SONPSs.
Therefore, stability and surface characteristiessalution, nutrient adsorption and effects
on algal growth rate of both alumina coated SNPs and bare SKONPs in OECD algal
test medium in function of pH (6.0-8.6) and natweganic matter (NOM) contents (0-12
mg C/I) were investigated. Alumina coated $NIPs aggregated in all media and adsorbed
phosphate depending on pH and NOM concentrationth®mwther hand, no aggregation or
nutrient adsorption was observed for the bare, :PBs. Due to their positive surface
charge, aluminaoated Si@ NPs agglomerated witlPseudokirchneriella subcapitata.
Consequently, algal cell density measurements baseckell counts were unreliable and
hence fluorescent detection of extracted chlordpivgls the preferred method. Alumina
coated SiQ NPs showed lower toxicity than bare $SiBPs at concentratiorns 46 mg/l,
except at pH 6.0. At low concentrations, no clelr gffect was observed for alumina
coated Si@ NPs, while at higher concentrations phosphate cigefty could have
contributed to the higher toxicity of those paeglat pH 6.0-6.8 compared to higher pH
values. Bare Si© NPs were not toxic at pH 6.0 up to 220 mg/l. At of NOM
decreased toxicity of both particles. For SNXIPs the 48 h 20 % effect concentration of
21.8 mg/l increased 2.6-21 fold and a linear retethip was observed between NOM
concentration and effective concentrations. Noc¢ffeas observed for alumina coated SiO
NPs in presence of NOM up to 1000 mg/l. All expemnts point out that the alumina
coating completely altered NP interactions. Duthtodifference in surface composition the

SiO, NPs, which had the smallest surface area, were toaic to the alga than the alumina
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coated Si@ NPs. Hence, surface modification can dominateefifect of surface area on

toxicity.

Keywords — SiQ, coating, hanoparticles, algae, NOM
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1. INTRODUCTION

Scientific research involving nanotechnology hasagr exponentially (Braun et al., 1997).
This led to the development of engineered nanapestiNPs) and nanoparticle containing
consumer products with improved performances coatp&n non-nanotechnology based
products. The special feature of nanoparticlebes tsmall size, between 1 and 100 nm in
two or three dimensions (ASTM, 2006), and relategh mmount of specific surface area,
which enhances their reactivity (Oberdorster et 2005). Due to production, use and
disposal of NPs or NP containing products, they expected to be released into the
environment.Therefore,concerns about the potential environmental risksedoby NPs
have been raised (Colvin et al, 2003). In addition the establishment of effect
concentrations for NPs, other research prioritiesento assess the importance of general
NP characteristics, like size, surface area, chansmmposition, solubility and aggregation
behaviour for their (eco)toxicity (Tran et al., Z)0An often overlooked parameter is the
presence of a surface coating. To our knowledgeeauiox studies have systematically
investigated the influence of a surface coatinghr@nphysical and toxicological properties
of NPs.

In this study, we describe the differential chagastics and effects of a bare Si@hd an
alumina coated SO NP. Silicon dioxide (Sig) nanoparticles are among the most
important industrially engineered NPs (Rittner, 200rhey are used in paints and coatings
for an improved rheology, attachment and scratsistance and in printer toners they serve
as anti-binder (Mizutani et al., 2006; Zappa et 2009). Furthermore, these NPs are used
in chemical or mechanical polishing processes, gmehich dental polishing to prevent
tooth caries (Gaikwad et al., 2008). Other medaggilications are the use of Si@Ps as
carrier for therapeutic agents or for diagnosticppses (Wang et al, 2006; Zhang et al.,

2008). Silica nanopatrticles can act as a binditeg feir negatively charged ions when an
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alumina coating is applied to their surface (Li &tdver, 2008). Because of their numerous
applications and high production volumes, botltaiind alumina were included in the list
of representative nanomaterials adopted by OECDdskwg party on manufactured
nanomaterials (OECD, 2010).

In a previous study, we demonstrated that bare Si€s were stable in algal test medium
and that their ecotoxicity was related to theifate area. Furthermore, the NPs were found
attached to the algal cell wall and toxicity wa$ doe to particle dissolution (Van Hoecke
et al., 2008). However, in the present study it Wwggothesized that an alumina coating
might alter the particle-particle, particle-algadgrarticle-test medium interactions of $i0
NPs. Therefore, NP suspension stability was ingatgd in test media with varying pH and
natural organic matter (NOM) concentration. In &algmowth inhibition assays with
Pseudokirchneriella subcapitata the influence of both parameters on Si@hd alumina
coated Si@ NP toxicity was assessed. In order to preventnewas conclusions due to
particle-alga interactions, algal growth was meedgubased on cell density (measured
directly with a cell counter) or on chlorophyll dents relative to a standard series of non
exposed cells with known cell densities. Finallyg imvestigated here the appearance of a
shading effect, which is the inhibition of algalogith due to light limitation caused by
absorption or scattering by the NPs, and partes¢-tmedium interactions, i.e. the
dissolution of NPs and nutrient adsorption by tiesNTo exclude the contribution of any
impurities to the toxic effects, NP suspensions lbeeh dialyzed with deionized water prior

to the experiments.

2. MATERIALS AND METHODS

2.1. Chemicals and nanoparticle specifications
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All chemicals were of pro analytical grade supplied VWR International (Leuven,
Belgium). An AP* standard was purchased at Sigma Aldrich (BornerigiBm) (No.
39435). Natural organic matter (NOM) was samplexinfrLe puisseau de St. Martain’, a
creek in Bihain, Belgium, using a portable reversaiosis based device (PROS/2) in order
to concentrate NOM as described by Serkiz and Refti®90) and Sun et al. (1995). The
sampling procedure was described in more detdélerischamphelaere et al. (2003).
Commercially available LUDOX aqueous colloidal silica suspensions were obtained
from Sigma-Aldrich, i.e. the negatively charged LOR CL-X SiO, nanoparticles (NPs)
(No. 420891) and the positively charged aluminatehaSiQ NPs LUDOX CL (No.
420883). The core material of the latter NP coms@ft amorphous SiDto which an
approximately 1 nm layer coating of alumimas deposited (Vo et al., 2007). The alumina
coating arose through adsorption of Alons to the negatively charged Si®P surface.
With increasing pH, more Al ions adsorp to the acef which precipitate as aluminium
hydroxide (AI(OH})), forming a solid coating onto the SIGIPs (Kuan et al., 2000). Van
der Meeren et al. (2004) observed a decreasingcdharge from pH 5 on and a switch in
zetapotential from positive to negative at pH ZBe latter observation suggests that at low
pH values, the solid coating dissolves and /dns adsorbed to the Si®IP surface can be
substituted by protons (H (James and Healy, 1972). Hence, the first isotéte point
(IEP) at pH 2.5 is the point of zero charge oflthee SiQ NP core.
Except for the first experiment in which the taiicof dialyzed and non dialyzed
suspensions was compared, dialyzed aqueous suspesiboth silica products were used
for further experiments. The dialysis of the NPpamsions was performed using dialysis
membranes (12.4 kDa) from Sigma Aldrich (No. D9692)e sample was placed inside the
dialysis tubes and submerged in 5 | of Milli-Q wafEhe sample was left for a minimum of

4 h each time and the water was renewed four timiE€e it was observed that the



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

conductivity of dialysis water did not further dease after 4 dialysis cycles (supporting
information, Figure S1). Once the dialysis was clat®) the concentration of the stock
suspension was determined gravimetrically afteeZeedrying 1 ml of suspension in a
freeze dryer overnight at -60 °C and 0.1 bar presg\s a consequence, any impurities
possibly present in the industrial product could reenoved. Nitrogen gas adsorption
experiments were used to measure the specificceudeea of both particle types using a
Tristar 3000 BET instrument (Micrometrics, Norcro&A, USA). Specific surface area of
the LUDOX CL-X SiGQ NPs was 102 A, while the LUDOX CL alumina coated SiO
NPs represented a specific surface area of 20§ mrimary particle sizes calculated from
these measurements were 22 and 11 nm, respectively.

Nanoparticle suspensions in OECD ecotoxicity testionm were prepared from either the
original or dialyzed stock by spiking the silica NEropwise into the test media under
continuous stirring. Where appropriate, NOM andjaffer solutions (final concentration
of 3.6 mM buffer) were added to the medium and p&bvadjusted to the desired value
using 1 M NaOH or HCI solutions before spiking tiés. To maintain a pH value of 6.0 2-
(N-Morpholino)ethanesulfonic acid (MES) buffer wased. Media pHs 6.6 and 7.6 were
stabilized with 3-(N-Morpholino)propanesulfonic a¢giMOPS) buffer and pH 8.6 required

2-(Cyclohexylamino)ethanesulfonic acid (CHES) buffe

2.2. Suspension characterization

Particle size distributions of both NP types intat media were analyzed using dynamic
light scattering (DLS) four days after suspensiogppration as described in Van Hoecke et
al. (2008). A concentration of 2 g/l silica NPs a8 mg/l alumina coated silica NPs was
used for the DLS analysis with a PCS 4700 SM (Maltastruments, Worcestershire, UK)

equiped with a 5 mW HeNe laser. Scattered light detected under an angle of 150 ° and
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data was processed by a 7032 CN correlator (Malirgstruments). Non negative least
squares analysis was used to determine the pastagedistribution, whereas the harmonic
intensity weighed average hydrodynamic diametesp akeferred to as the Z-average
diameter (Zave), was obtained by cumulant analgpison of the automeasure software
(Malvern Instruments). The zetapotential in OECDdmm at various pH values was
determined using a Zetasizer 3000 HSA (Malvernrumsents, Worcestershire, UK).
During an algal growth inhibition test, pH was nmoned each day using a pH electrode
(P407, Consort, Turnhout, Belgium) and adjusteanfi@.2 pH units deviation on. The
media at pH 8.6 were checked twice a day. Naturghrac matter concentrations were
monitored in a buffer free replicate in OECD algalt medium incubated under
experimental conditions and measured with A TOC-g8BlBimadzu, Duisburg, Germany)

carbon analyzer.

2.3. Algal culturing and growth inhibition tests

The algaPseudokirchneriella subcapitata (Korshikov) Hindakwas obtained from the
Culture Collection of Algae and Protozoa (CCAP 27&ban, Scotland) and subcultured
in the laboratory. The culture medium consistece8fmedium (Provasoli, 1966) at 1/2
strength which was added to carbon filtered aeratpdvater, supplemented with 1.4 mg/I
FeSQ.7H,0, 15 mg/l NaHPO,.2H,0O, 150 mg/l NaN@and 2.35 mg/l MnGl4H,O. Each
week, cultures were visually inspected for contation using a light microscope. Four
days prior to the start of a growth inhibition exXpeent, a new algal culture was prepared
and allowed to grow on a shaking table at 20 + In°€ntinuous light (7QE/(?.s)).

The 72 h algal growth inhibition experiments weomducted in accordance with OECD
guideline No. 201 (OECD, 2006). Prior to the stdra test, all test concentrations ranging

between 4.6 and 1000 mg/l were equilibrated at £5 dvernight. For each test
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concentration three replicates and one backgrowrdeation (no algae added) were
included. The replicates were inoculated witlf ayal cells/ml. During the 72 h test, all
flasks were incubated at a temperature of 25 °Cewuncontinuous illumination
(70 uE/(n?.s)) and were shaken manually three times a dagryEglay, the algal cell
density was measured in all replicates based om laot electronic cell count and
chlorophyll contents. In the former method, a samphs introduced into a cell counter
(Beckman Coulter Counter, Gent, Belgium) and thenlmer of cells/ml was determined.
The latter method consisted of adding 3 ml extoactimixture (dimethylsulfoxide
(DMSO):acetone 1:1) to a 0.75 ml sample, vortexang allowing to stand in the dark for
20 minutes to extract the chlorophyll. Chlorophifliorescence was recorded with a
spectrophotometer (LS50B, Perkin Elmer, ZaventeelgiBm)in a 1 cm quartz cuvette at
a wavelength of 671 nm, using an excitation wawglerof 431 nm (Mayer et al., 1997).
Preliminary research indicated that the presend®mtf NP types in the concentrations used
in the experiments did not affect the fluorescegbha of chlorophyll (results not shown).
The algal cell density was determined against @eanation series of algal cells in OECD
medium that had been inoculated with the same reultind extracted under identical
conditions. Each day, a new algal concentratioreservas prepared and analyzed. The
average specific growth rate(1/d) was calculated as the slope of a linear ssjpe of the
natural logarithm of the measured cell density r@ded for background or blank) versus
time. Data analyzed after 48 h were reported Hageause experiments performed at pH
6.0 and 8.6 did not always meet the validity crteprescribed by the OECD when
analyzed at 72 h. Where possible, data analyzed @& h is given in the supplementary
information section. A log-logistic or modified ldggistic concentration-response curve

was fitted to the toxicity data with Statistica §S1atsoft, Tulsa, OK)

10



178 Additionally, the occurrence of a shading effeck. idecrease in algal growth due to
179 limitation in the light availability caused by th®anoparticles, was assessed separately
180 using 1000 mg/l NP suspensions in OECD medium a7 gHThe experimental approach
181 consisted of two 96 well plates, i.e. an opaquéediaed on top of a white plate. Basically,
182 the chlorophyll contents upon spatially separapagicles and algal cells was compared to
183 the chlorophyll contents when algal cells and NRsenadded to the same well. The same
184 set-up was formerly described in Hund-Rinke e{2006) and in Van Hoecke et al. (2009).
185 2.4. Assessment of interactions between nanoparticles @éest medium

186 In NOM free medium, two types of possible interat between particles and test
187 media were investigated, i.e. partial dissolutiod adsorption of the nutrients ammonium
188 (NH4") and phosphate (R®) to the NP surface. Nanoparticle suspensions wezpared
189 and incubated in such a way that experimental ¢immdi were identical to those during the
190 72 h algal gowth inhibition tests, but without aduh of algal cells. After 48 h, NPs were
191 removed from the suspensions. To this end, theialucpated SiQNP suspensions were
192 first centrifuged at 200@xfor 15 minutes in a swinging-bucket centrifuge (IE€ntra-8
193 centrifuge, International Equipment Co, Needham,)Mé& sediment large aggregates.
194 Then, 20 ml samples were forced through 10 kDaafillers with polyethersulfon
195 membrane (Vivaspin 20, Sartorius, Goettingen, Gagnhy al0 minute centrifugation at
196 2000xg. The filtrate was used for further analysis. Tlteafilter performance, i.e. binding
197 of analytes to the filter material or leaching ofabtes from either the filter material or
198 from particles retained by the filter, was chechk®dincluding additional controls after
199 every 80 ml run through the filter. More specifigalto check for possible binding of
200 analytes to the filter material, standard OECD medcontrols were filtered and its filtrate
201 included in the colorimetric analysis. Leachageudlytes from the filter material or from

202 the retained particles on the filter into subsequsamples was checked by including

11
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deionized water controls. Furthermore, the retentd Al by the filters was assessed at
various pH values with 0.5 mg Al/l standards in @E@edium without Fe and EDTA.
The concentration of reactive silica, aluminum, Ktand PG> was colorimetrically
assessed with an Aquamate spectrophotometer (ThEtewdron Corporation, Waltham,
MA, US). Reactive silica was complexed with ammaomimolybdate and subsequently
reduced with sodium sulfite, based on ASTM procedd859-00 (ASTM, 2000). The
absorbance of the blue complex was recorded atni®dn a 1 cm cuvette. Aluminum
concentration was measured in a 2 cm cuvette uaingpmmercial analysis kit No
1.14825.0001 from Merck KgaA (Darmstadt, Germary)addition, chemical speciation
of aluminum in OECD medium at various pH values wasmated with Visual MINTEQ
ver. 2.51 program (CEAM, EPA, US). Colorimetric bysis of NH," and PQ> was
performed in a 1 cm cuvette using commercial amaliggs (no. 1.14848.0001 and no.
1.14752.0001).

In NOM containing buffer free medium at pH 7.4, tasorption of both NOM and
phosphate to the surface of alumina coated 8iPs was investigated. Therefore, after 48 h
incubation under test conditions, 0, 4.6, 46 and @@/l suspensions were centrifuged for
15 minutes at 200@xto sediment the particle aggregates. The supernaias used for
NOM and phosphate analysis using methods descrddsm/e. Concentrations were

expressed relative to the identically treated a@intr

3. RESULTS
3.1. Nanoparticle characterization

The average diameters of Si@nd alumina coated SiONPs of original stock
dilutions in deionized water at the same pH of dhniginal stock and of dialyzed stock

dilutions in OECD medium at various pH values aratural organic matter (NOM)

12
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concentrations are given ifable 1. The SiQ NPs were stable in deionized water at pH
9.6, since the diameter obtained in the DLS measemés corresponded well with the BET
primary particle size of 22 nm. The average DLSyaiters around 31 nm obtained in
OECD medium suggested that some aggregation occumeler test conditions. The
alumina coated SiONPs formed small aggregates in deionized watgyHaé, where a
mean diameter of 39 nm was obtained. In all othedimy severe aggregation gave rise to
micrometer size particles, of which the actual sizas too large to be accurately
determined by dynamic light scattering. The additdd NOM did not affect the stability of
the silica NP suspensions. The zetapotential vataged with pH, as reported irable 2
For both particles, the surface charge became megative at higher pH values. However,
the SiQ NPs having a zetapotential between -23 and -4/eké negatively charged over
the entire pH interval used in this study, while #etapotential of the alumina coated SiO
NPs switched from positive to negative between pblahd 9.0. Those observations are

fully in line with the reported IEP values of Si@nd ALOs, respectively.

3.2. Algal growth inhibition assessments

First, it was investigated if dialyzing the NP sespions affected their toxicity. The
concentration-response curves of dialyzed and malyzeéd SiQ NPs collapsed, regardless
of the algal cell density measurement metheidure 1A presents those concentration-
response curves. However, in case algal cell dengds analyzed by fluorescence of
extracted chlorophyll, the effect on growth rateswiauch more severe compared to the cell
counting method. For example, the highest testeaanation of 460 mg/l resulted in 56 %
or 92 % decrease in growth rate when assessed cslingpunting or extracted chlorophyll
fluorescence, respectively. A different outcome wabtained when comparing

concentration-response curves of dialyzed and malgzéd alumina coated SiPs. Cell

13
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counting resulted in non-monotonous concentratesponse curves, with apparently high
toxicity at low NP concentrations. However, clustef algal cells growing in flocs could
be visually observed, as illustratedrigure 2. Hence, the measured cell count was much
lower compared to the real density of individudlscef which the clusters were composed.
Chlorophyll fluorescence analysis resulted in monots concentration-response curves,
with the non-dialyzed suspension causing a morerseeffect on algal growth rate
compared to the dialyzed NP suspension. At thedsigtest concentration 55 % decrease
was observed for non-dialyzed suspensions agamgt2b % for dialyzed suspensions.
Possibly, impurities present in LUDOX CL can pamtyplain the observed effects of non
dilayzed suspension. From Figure S1 in supportirigrination it can be observed that
more impurities were removed from the LUDOX CL npadicle suspensions during the
dialysis compared to the LUDOX CL-X nanoparticlesgensions. The four concentration-
response curves are given figure 1B. An overview of 48 h 10, 20 and 50 % effect
concentrations on growth rate, as well as No OleskBffect Concentrations (NOECs) and
Lowest Observed Effect Concentrations (LOECs) arergin Table 3. The 72 h values are
reported inTable S1in the supplementary information. For all subseq@xperiments the
dialyzed suspensions were used.

The concentration-response curves with concentrdiath expressed as mass and
as surface area are giverFigure S2

Secondly, the toxicity of both NPs with varying pikas assessed. All curves
obtained using fluorescence of extracted chlordpdrg given inFigures 3A and 3B. The
concentration-response curves obtained using tHe amunter are shown in the
supplementary information iRigure S3A. At the highest test concentration of 220 mg/l no
significant reduction in algal growth rate was aled for SiQ NPs at pH 6.0. At pH 6.8

and 8.6, concentration-response curves were sinidamwhich 10 % effect concentrations
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(E/C10) of 12.3 and 13.2 mg/l were established, raspmdyg. The highest toxicity was
observed at pH 7.6, with 48 h€E0 of 6.1 mg/l. The alumina coated $iIOPs showed a
different pH influence on toxicityHigure 3B). At low test concentrations, no clear pH
effect was observed. At the higher test concewinatipH 8.6 resulted in the lowest toxicity
with a NOEC of 100 mg/l. At pH values 6.0, 6.8 ahé, the NOECs were 4.6 mg/l. The
52 % decrease in algal growth rate in the highesdtdoncentration at pH 6.0 was the only
exposure condition causing an effect > 50 %. Thé 48fect concentrations, NOECs and
LOECs can be found imable 4. Concentration-response curves obtained using cell
counting and corresponding effect parameters arengn the supplementary information
in Figure S3B andTable S2

In addition, the relation between toxicity and specsurface area of both particles
can be evaluated. Based on the specific surface measurements (203%m for the
alumina coated SKONPs and 102 Afg for the SiQ NPs) only, the alumina coated $iO
NPs were expected to be most toxic. However, fitcables 3 and 4it is clear that the
difference in toxicity cannot be explained by soefarea. For example, at pH values 6.8-
8.6 48 h-ECys of SiQ NPs ranged between 9.9 and 20.4 mg/l, while tlodsglumina
coated Si@ NPs were higher and ranged between 25.2 and 34@/I1 This demonstrates
that here, in case of different surface chemidioyjcity was not governed by specific

surface area only, and that coating characterisinsdominate toxic response.

Finally, the influence of natural organic matterQM) on the toxicity of both NP
types was assessed at pH 7.4. Addition of NOM ¢otéist medium before spiking the NPs
decreased their toxicity. For SIGIPs, 48 h-EC10 values were 25.6, 120.6 and 263.5 mg/I
in presence of 1.2, 4.7 and 9.0 mg C/I NOM, respelst, which represents a 2-19 fold
increase. All ecotoxicological effect parameters summarized imMable 5 No toxicity

was observed at the highest test concentratior000 Ing/l alumina coated SiONPs in

15
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presence of any concentration of NOMgure 4A and 4B show all concentration-response
curves assessed using chlorophyll detectiomdble S1, Table S2 and Figure S4f the
supplementary information concentration-responseesubased on cell counting and their
corresponding 48 h effect parameters, as well dséffect parameters are included.

The 96 well plate experiments to assess the shaffiegt indicated that toxicity
was not due to light limitation. When algal celladaNP suspensions were spatially
separated, no decrease in chlorophyll contentdiveldo the control was observed.
However, when algal cells were directly exposedtite NP suspensions, chlorophyll
contents decreased with >80 % relative to the obnfihe results are graphically shown in
Figure 5.

3.3. Interactions between nanoparticles and test medium

First, the Vivaspin 20 filter performance was chestKor retaining or leaching of
analytes. In four filtering processes with OECD imedno phosphate or ammonium was
retained by the filters. Mean (std. dev.) recovené 100.8 (2.4) and 100.2 (0.7) % were
obtained, respectively. On the other hand, leacbégfgese nutrients into filtered deionized
water was negligible because absorbance valuesmwrggnificantly higher than those of
deionized water blanks that were not forced throtigh filters. The concentration of
dissolved silica in filtered OECD medium and demma water run through a particle
containing filter was beneath the detection levahe colorimetric method (< 0.050 mg/l).
Finally, after filtering a 0.5 mg/l Al standard @ECD medium at pH 2, a recovery of 90.4

(9.8) % was obtained.

The SiQ NPs partially dissolved in OECD medium and thaitubility was pH
dependent, as presentedlimble 6. At pH 8.6, 68.6 mg Siéll reactive silica was present in
the highest SIQNP concentration of 460 mg/l, which is a reacsileea concentration 11

times higher compared to the same suspension & @HDn the other hand, the reactive
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silica concentration in the alumina coated SNMP suspensions was low. At the highest NP
concentration of 460 mg/l, the reactive silica aartcation was not higher than 1.1 mg/l as
Si0,. Only in the filtrate of the 460 mg/l suspensidnpad 8.6 a significant amount of
aluminum was detected (0.068 mg/l or 2.5818M). However, the chemical speciation
program Visual MINTEQ indicated that only 3.12X1énM ionic Al can be present in
OECD medium at pH 8.6. Any excess of Al was predicto precipitate as the mineral
diaspore ¢-AlIO(OH)). On the other hand, Parent et al. (19@§)orted 30 % reduction in
algal growth rate of the green alGalorella pyrenoidosa exposed to 6.2 uM mononuclear
inorganic Al for 96 h. As a consequence, it is likely that the decrease in algal growth
rate during exposure to alumina coated S\Ps was caused by the presence of inorganic
mononuclear dissolved Al. However, very small (<ka) secondary diaspore colloids in
460 mg/l suspensions at pH 8.6 could have passedltitafilter. Also, aluminum is known
to form polynuclear compounds (Parent et al., 19%jch colloids and/or polynuclear
compounds could have been formed after partialotlisen of the Al(OH} coating and
desorption of Al* and/or its dissolved hydroxides. Hence, it car®excluded that these

small secondary colloids did not contribute to #hserved toxic effects.

Colorimetric Al analysis of 0.5 mg/l standards iECD medium (without Fe and EDTA)
at various pH values before and after ultrafilbatexperimentally confirmed the predicted
precipitation of the Visual MINTEQ program. Indeed,pH 4.5, 7.6 and 11.0, recoveries
(std. dev. on the mean of five replicates) of 3%), 15.0 (14.4) and -0.1 (3.7) % were
obtained, which allowed to conclude that Al pret@f@d and did not pass the ultrafilter. On
the other hand, 48 h-NOECs100 ug/l (3.7 uM) were established for the (precipitated)
alumina standard tested in the pH range of 6.0-Bi& lowest NOEC of 10Qg/l was
observed at pH 6.8, while the highest NOEC of g§l was observed at pH 7.6 and 8.6. At

the highest test concentration of 22Qfl total Al, toxicity was highest at pH 6.0 an@86.
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The latter toxicity parameters correspond well e ©6 h-ECso of 576 pg/l total Al
established by Call et al. (1984) feseudokirchneriella subcapitata at pH 7.25-7.89. This
indicates that Al toxicity was strongly influencdy its pH dependent speciation, as
described previously by Kléppel et al. (1997). ISsince it is currently unclear to what
extent the Al desorbed from the alumina coated, 8iPs and subsequently precipitated, it
cannot be excluded from these experiments thatnslacy colloids contributed to the
decrease in algal growth rate. In the supplemeritdoymation sectionfable S3reports
the Al speciation of a 0.5 mg/l Al solution in OECGRedium at various pH valueSigure
S5shows the concentration-response curves obtairreghfél standard in OECD medium
at pH 6.0-8.6.

Ammonium did not adsorb to the surface of bothti#es. Phosphate, on the other
hand, did not adsorb to the Si@Ps, but showed a strong pH dependent affinityatos
the alumina coated SONP surface, with increased sorption at low pHpHAt6.0 and 6.8,

a NP concentration of 460 mg/l decreased the alailghosphate concentration to a value
below the detection level of the colorimetric arsigy(0.03 mg P¢/l), which meant that
more than 97.3 % of the phosphate was adsorbduketdlP surface. The concentration of
available phosphate in function of pH and alumimated Si@ NP concentration is
presented ifrigure 6.

The concentration of NOM in centrifuged 460 mg/uralna coated Si© NP
suspensions was significantly lower compared toNRefree control for all three NOM
concentrations. At lower NP concentrations, noificant decrease was detected. At NOM
concentrations of 2.7, 7.4 and 12.5 mg C/I, theeise in NOM concentration (std. dev., n
= 2) was 1.3 (0.1), 3.2 (0.2) and 4.3 (0.1) mg @pectively. This corresponds to an

adsorption of NOM to the NP surface (std. dev., 8)=of 2.7x10¢® (0.3x10%), 7.0x10°
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(0.5x10% and 9.3x10 (0.3x10°) mg C/mg NP.Figure S6 in the supplementary
information summarizes the measured concentratioa suspensions.

In the 7.4 and 12.5 mg C/| NOM suspensions, thesphate adsorption was lower
compared to the NOM free medium. For example, seabe of NOM, 460 mg/lI alumina
coated SiQ NPs adsorbed (mean (std.dev.) of 2 replicated) @35) % of total phosphate.
However, in presence of 7.4 and 12.5 mg C/I| NOMs¢hsuspensions adsorbed only 76.8
(1.5) and 66.9 (1.4) %, respectivelyable S4in the supplementary information gives an
overview of all phosphate measurements in funaifddOM concentration.

4. DISCUSSION

Because of the identical composition of the cor¢enm, both particles are sold as
a colloidal silica suspension. However, from thareleterization data, it is clear that the
alumina coating completely changed the particlefaser characteristics and stability
behaviour. Consequently, our results emphasize ittygortance of detailed product
specification in nanoparticle containing productd & nanopatrticle studies. The difference
in stability in the OECD medium can be explainethgghe zetapotential measurements.
Upon lowering the pH to 6.0, the surface chargetlon bare silicon dioxide particles
became less negative, though was still large endagbrevent aggregation. Only at pH
values < 2.5he SiQ NPs were expected to bare no charge (Van der Mextrah, 2004).
Due to the low surface charge on the alumina co&téd NPs, the suspensions in OECD
medium were unstable and particles aggregated edgvd@ihe zetapotential measurements
suggested a point of zero charge between pH 7.®&ndvhich was in agreement with the
studies performed by Van der Meeren et al. (2004l diang et al. (2009) in which iso-
electric points of 8-8.5 were obtained.

The bare Si@ NPs were more toxic to the alga compared to theni@a coated

SiO, NPs, despite the fact that the alumina coated Sis presented a larger amount of
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specific surface area. Apparently, the aluminainganteracted differently with the alga.
As a consequence, the relation between toxicitysamfhce area, that was demonstrated for
12.5 and 27.0 nm SNPs (Van Hoecke et al., 2008), was no longer vaheén NPs bore

a chemically different coating on their surfaceaiy it is clear that the surface dominated
NP characteristics. Hence, from a risk assessmant pf view, NP coatings should be
taken into account, whereby physical and chemisalell as toxicological characteristics
of coated NPs cannot be directly extrapolated friomowledge on non-coated NPs.
However, since only one organism was used in thegmt study, care must be taken not to
generalize the higher toxicity of alumina coatelicagi NPs. More experimental data on
other organisms is to be obtained. Neverthelessn afitro study with bare and alumina
coated LUDOX silica NPs also showed lower cytotoxicity, reagtivxygen species and
DNA double strand breaks when a human neuronallicellwas exposed to the alumina
coated NPs compared to the bare silica particlas @ al., 2010).

Chlorophyll analysis of algae exposed to the ;SNP’s indicated a much more
severe effect on algal growth rate compared toceikecount based data. In fact, at the
highest test concentration, the algal cells almmmhpletely lacked chlorophyll. The
fluorescent signal in the 460 mg/l sample was 9®¥er compared to the control and at
46 mg/l 82 % decrease was found. These resulteftrer suggest that breakdown of
chlorophyll and/or chlorophyll synthesis inhibitiowas an important aspect of the
mechanistic toxic response induced by the,}®s. A similar conclusion was also drawn
by Wei et al. (2010) who observed between 75 an&®8ecrease in chlorophyll upon
exposure of the alg&cenedesmus obliquus to silica NPs at 50 to 200 mglue to the
clustering between algal cells and alumina coai€x SIPs and the resulting erroneously
low cell density measurement, it was not possibldraw conclusions on a similar direct

effect of these NPs on chlorophyll.
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The clustering of algal cells and alumina coate®,SNPs was caused by the
electrostatic attraction between the positivelyrghd particles and the negatively charged
algal cells. The alumina coated SiINP aggregates acted as a binding agent betweeh alg
cells. An identical observation was made by Jiaingl.e(2009) and Simon-Deckers et al.
(2009) upon exposure of bacteria to,®@d NPs. Both articles mention the flocculation of
cell suspensions in presence ob@d NPs. In view of the fact tha@®seudokirchneriella
subcapitata naturally occur as singular cells (Nygaard et E86), their ability to survive
and grow in a clustered structure is remarkablevél@r, from an ecological point of view
the cluster formation can indirectly affect theadlgommunity and species at higher levels
of the aquatic ecosystem. At one hand, increasaditgrof clusters of algal cells and
particle aggregates can enhance their sedimentadioieeper levels of the surface water
body, where light intensity is lower. This way, tbleister formation can indirectly affect
algal growth (Navarro et al., 2008). Due to therdased availability of algal cells in the
pelagic part of the aquatic environment, specighdr up the aquatic food chain may suffer
from food limitation. In a previous study, we exipeentally confirmed this mode of action
principle for CeQ@ NP aggregates in chron@aphnia magna survival and reproduction
tests (Van Hoecke et al., 2009). Due to the laegative surface charge of the NIPs, a
similar clustering with algal cells was not expecsmnd also not observed. Nevertheless, the
SiO, NPs were able to interact directly with the algells through adsorption to the cell
wall, as investigated in a previous study with #amLUDOX SiO, NP suspensions (Van
Hoecke et al., 2008).

It turned out that NP toxicity can be strongly pepéndent. In general, except at pH
6.0, the bare SiONPs were more toxic compared to the alumina coates. However, it
is currently not clear why no toxic effect was abveel for the Si@ NPs at pH 6.0.

Possibly, the decreased surface charge diminisleceBctivity. Again, the large impact of
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the alumina coating on S)ONP characteristics was apparent from the algalvtjro
inhibition tests assessed at various pH valuesmila coated Si©ONPs were shown to be
most toxic at pH 6.0 and 6.8 and least toxic at &H. Possibly, the pH dependent
phosphate adsorption contributed to the differéntgicity (Figure 6). Indeed, since no
phosphate was available at high test concentratibpsi 6.0 and 6.8, the algae could have
suffered from a lack of nutrients. Previously, iasvshown that decrease in algal growth
rate occurred up to 50 % if no phosphate was avail@van Hoecke et al., 2009). The
chemical analysis data furthermore indicated thesadution of the bare SKONPs was
substantial. This is not surprising, since the lsitity of amorphous silica in water at 25 ° C
is 120 mg/l (Alexander et al., 1954). Hence, durihg algal growth inhibition tests, no
equilibrium was reached between solid and dissosieth. On the other hand, dissolution
of the silica core of alumina coated NPs was iribtbidue to the presence of the coating.
The chemical analysis data furthermore indicateat thissolution of the silica core is
inhibited due to the Al(OH)coating. In addition to the knowledge that disedhAl species
precipitate from 0.03xIdto 0.8x10° mg/l on, it is not likely that toxicity of alumina
coated SiQ NPs was caused by the presence of dissolved alumispecies either.
Similarly, Jiang et al. (2009) concluded that baatdoxicity of Al,O3; particles at 20 mg/I
was not due to dissolution, since concentrationg\welow the ICP-OES detection level.
The addition of NOM to the test media strongly @ased toxicity. Since the NOM
was able to adsorb to the alumina surface, theedserin toxicity could be due to the
shielding of the NPs by NOM, preventing a dire¢éraction with algal cells, which caused
a decrease in bioavailability. Yang et al. (200§)ezimentally demonstrated the adsorption
of humic acid, a component of NOM, to the®4 NP surface and attributed this behaviour
to the NPs’ large surface area, low hydrophiliciigw negative charges and the strong

physical interactions between humic acid and theshiface, like electrostatic attraction
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and ligand exchange. When analyzed using a celiteouconcentration-response curves of
alumina coated SiONPs were, again, different from those assesseulyubiiorescent
detection of extracted chlorophyll, as shown Rigure S3 For SiQ NPs the effect
concentrations in presence of NOM, listedlable 5 were found to increase linearly with
increasing NOM concentration, which is illustratedFigure 7. In Figure S7, the 72 h
toxicity data of these tests are also preseniadble S5lists thea, band determination
coefficient (R) parameters of the linear regressions, calculasétty least squares analysis.
However, to date it is not clear through which natgbm the NOM decreased S0P
toxicity. Unlike for the alumina coated SIQIPs, it was difficult to separate the bare SiO
NPs from the NOM due to the colloidal stabilitytbé suspension. Consequently, the NOM
adsorption to Si@@ NPs could not be quantified. Humic acid, one & ttomponents of
NOM, was not found to adsorb to SINPs, which was explained through the high
hydrophilic nature of the SiOsurface (Yang et al., 200%Hlowever,other compounds of
NOM can still adsorb to the SANPs. For example, acid-base interactions betwegsna
acid groups in NOM and hydroxyl groups on the ailsurface can establish the adsorption
(Considine et al., 2005). In addition, NOM is atdale to bind to algal cells, which can in
turn shield the algal cell surface from direct ratdion with NPs. Campbell et al. (1997)
demonstrated the binding of dissolved organic mattehe cell surface of phytoplankton.
The authors suggested that either a hydrogen-bgndorption mechanism between
negatively charged functional groups in the DOM andthe cell surface or the formation

of hydrophobic bonds between both are involved.

In conclusion, the assessment of particle-partigéaticle-test medium and particle-
alga interactions confirmed that the applicatioradhin layer of alumina onto the surface
of SiO, NPs completely altered their characteristics.tFaise to the low surface charge,

alumina coated Si¥ONPs aggregated in test medium, while bare,NBs were stable.
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Second, bare SKONPs were more toxic in standard OECD test medimch showed a

different pH dependent toxicity compared to themaha coated ones. Third, dissolution
and nutrient adsorption characteristics were diffier As a consequence, coating
formulations should be taken into account whenguaring risk assessments of engineered

NPs.
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TABLES

dynamic light scattering in various media

Table 1- Average patrticle diameters (Zave) and polydsipemdices (P1) obtained with

. Zave (nm Pl
Product Medium pH (std.d(ev.)) (std. dev.)

Deionized water 9.6 20.9 (0.1 0.26 (0.01L)

OECD 6.0 | 33.3(0.5)] 0.09(0.02

OECD 6.8 | 32.3(1.0)] 0.13(0.10)

SiO, NPs OECD 76 | 31.4(2.3)] 0.19(0.12
(LUDOX CL-X) OECD 86 | 31.9(2.2)] 0.14(0.13)
OECD+2mgC/INOM | 7.4| 32.7(0.6] 0.10 (0.0)
OECD+6mgC/INOM | 7.4| 32.6(L6] 0.14 (0.04)
OECD + 10 mg C/INOM| 7.4| 32.9(1.1) 0.12 (0.1p)
AIL(F?SH()EJB%?CSL'? Deionized water 3.7| 39.4(1.2) 0.24(0.0L)
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632 Table 2— Zetapotential values of Si@nd alumin@oated Si@ NPs in various media

633

Product Medium pH | Zetapotential (mV) (std.dev.)

OECD 6.0 -23.1 (0.4)

SiO, NPs OECD 7.5 -32.8 (1.1)
(LUDOX CL-X) OECD 9.0 -37.7 (5.5)

Deionized water| 9.6 -47.3 (5.2)

Deionized water| 3.7 39.6 (3.2)
Al(OH); coated SiIQNPs OECD 6.0 20.6 (0.4)
(LUDOX CL) OECD 7.5 4.9 (0.5)
OECD 9.0 -6.7 (0.2)
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634 Table 3 -NOECs, LOECs and 48 h{E (95 % conficence interval) values of dialyzed and
635 non dialyzed NP suspensions at pH 7.4 in stand&@Dalgal test medium. Both cell
636 counting (CC) and fluorescence of extracted chloytigChl) were used to determine algal
637 cell density.
638
CCIl NoEC | LOEC | EC E.C E.C
Particle Chl r-10 r-20 r-50
mg/I mg/I mg/l mg/l mg/I
. 26.9 36.7
S0 ccl 2 46 | 517334| 321421 MO
: 18.2 26.0 48.0
dialyzed | Chl | 22 46 1144230/ 21.9-30.9| 43.453.1
alumina coated | CC <10 <10 <10 <10 <10
SiO; non 14.2 35.1
dialyzed Chl 10 22 >460 1 93516 | 26.6-46.1
28.3 36.7
Sio, cCl 22 46 | 220-36.5 315429 M9
dialyzed 14.0 21.8 46.4
Chl 22 46 11.1-17.8| 18.3-26.1| 41.9-51.5
alumina coated | CC <10 10 <10 <10 <10
Sio, 46.2 120.9
dialyzed | CN| 22 46 | 337633/ 88.6-1650 ~ 4%
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639 Table 4 - Ecotoxicological effect parameters (95 % confidemterval) of algal growth

640 inhibition assays with Si©and alumina coated SiONPs in standard OECD algal test

641 medium at various pH values, analyzed after 4&lyal cell density was analyzed using

642

fluorescent detection of extracted chlorophyll.

NOE
Particle pH C LOEC ErC]_o ErC20 ErC50
mg/l | mg/l mg/I mg/I mg/I
601 nd | >220 =220 > 220 > 220
123 20.4 58.6
. 68 10 | 221 55977 | 16.0-25.9| 49.1-69.9
SIO, 6.1 9.9 257
dialyzed | 7.6 46 | 10 | ,5%01 | g1.121 | 22.7-29.1
13.2 19.2 42.2
86 10 | 22 1 145166| 16.4-22.4| 37.247.7
475 118.8
60| 46| 10 | ,68840|835160.1 N9
. 95 25.2
aggi:tg‘; 68| 46| 10 | 53968 165384| N9
. 12.9 155.7
diil'%e ; 76 46 101 45 4007033447 N
179.2 342.1
86| 100 | 220| 129.1- | 290.3- nd.
248.6 403.1
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643 Table 5- NOECs, LOECs andE, values (95 % confidence interval) of both NPs $yjpe

644 OECD algal test medium at pH 7.4, in presence dbua NOM concentrations. Algal cell

645

density was analyzed using fluorescence of extdacitérophyll.

NOM |NOEC |LOEC| E,Cyo E,Cao E,Cso
Particle
mg C/I| mg/l mg/l mg/I mg/I mg/l
256 558 211.9
12 22 46 | 184356 | 43.6-71.4 | 185.0-242.6
Dilayzed 120.6 218.9 606.6
siopNps | 47 | 100 | 2201 14539450 192.4-249.0 567.2-648.7
2635 462.0 1206.9
90 | 100 | 220 5357 598.3 423.1-504.5 1151.7-1264.7
Dialyzed | 13 | >1000>1000 > 1000 > 1000 > 1000
alumina |9 | 5 1000 > 1000, > 1000 > 1000 > 1000
coated SiQ@
NPs 9.1 | >1000 > 1000 > 1000 > 1000 > 1000
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646 Table 6 —Concentration of reactive (dissolved) silica in S0P suspensions in OECD
647 medium at various pH values, assessed after 48ubation under test conditions. Standard
648 deviation on two replicated measurements are giverbetween parentheses. DL =

649 detection limit = 0.050 mg SiD.

Conc. SiQ NPs Concentration of dissolved silica (mg Sifll)
(mg/l) pH 6.0 pH 6.8 pH 7.6 pH 8.6
4.6 <DL <DL <DL <DL
46 <DL 1.8 (0.3) 2.9 (0.0) 18.1 (0.3)
460 6.0 (0.4) 12.6 (0.3) 26.5 (0.2) 68.6 (0.3)
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Figure legends

Figure 1 — Concentration-response curves of Siend Al(OH)} coated Si@ NPs in
standard OECD test medium at pH 7.4. Algal densi#y¢ measured using cell counting
(CC) and using fluorescence of extracted chlordpli@hl). Algal growth rate was
expressed relative to the control (% rtc) and elpams represent standard deviation on the

mean growth rate (n = 3).

Figure 2 - Algae clusters in 10 mg/l alumina coated SKPPs on % day of algal growth

inhibition test.

Figure 3 — Concentration-response curves of S#0d alumina coated SiOIPs in OECD
medium at various pH values. Algal cell density wasalyzed using chlorophyll
fluorescence. Error bars represent standard demiath mean growth rate calculated after

48h.

Figure 4 — Concentration-response curves of S#0d alumina coated SiOIPs in OECD
medium at pH 7.4 in presence of various naturaamigmatter concentrations. Algal cell
density was analyzed using chlorophyll fluorescenEeror bars represent standard

deviation on mean growth rate.

Figure 5— 96 well plate experiment to assess the impoetafdight limitation. Algal cells
were always spiked into the lower white plate. He tontrol, both the white and opaque
plate contained standard OECD test medium. Wheaxeadgd NPs were spatially separated,
the white plate contained OECD medium while NPOECD medium were spiked into the
opaque plate. Treatmens where algal cells and N#?s im direct contact, the white plate
contained both algal cells and NPs in OECD mediwm)e the opaque plate contained

OECD medium only.
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Figure 6 — Concentration of phosphate in ultrafiltered OE@Gi2dium in function of
alumina coated SiONP concentration for various pH values, expresset relative to the

standard OECD medium (% rtc).

Figure 7 — lllustration of linear relations between the N@bhtent of OECD medium and
the established effect concentrations of SNP’s on algal growth rate, assessed after 48 h

using chlorophyll analysis.
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Growth rate (%rtc)

Figure 3
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Growth rate (%rtc)

Figure 4
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Figure 5

Chlorophyll fluorescence (%rtc)
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Figure 6
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Figure 7

Effect concentrations of SiO,

NPs (mg/l)
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