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Abstract

Optical biosensorfor the detection of toxic species in aqueous media were developed via the
encapsulation of microalgae in sgpl matricesin a first step, theffect of cadmium(ll), lead

(I and anthracene othe chlorophyll a fluorescence intensity Anabaena flosquae
Chorella vulgarisandEuglena graciliamicroalgadn suspensiomasstudied Complementary
ATP-metry measuremenidemonstrated a direct relationship between optical response and
pollutant toxicity, in a celland doselependent mannein a second step, microalgae were
successfully encapsulated silicate/colloidal silica nanocomposite matricésowever a
complete loss of cell response to pollutant addition was obsesesgdite the preservation of
cell viability. Introduction oflow anmount (5 mol%) of amine or ethytbearing silanes in the
matrix formulation allowedfor the recovey of the sensing capacity dhe immobilized
microalga, without impacting on the response time (30P9rosimetry and®Si Solid State
NMR showed that the organic moietig® fully integrated ito the inorganic networkuning

the ability of the target pollutant wiffuse andreach the encapsulated algaéis versatile
strategy could be useful for the easy and fast assessment of ic@tiamlevels in polluted

waters.

Keywords: Biosensors; microalgae; hybrid materials; contaminated water



Introduction

Monitoring the impact of pollutants on the various forms of aquatic life is diffidtuse of
the differential sensitivities of organisms to a given pollutant, and the inability to evaluate the
long-term effects on ecosystems due to bioaccumulation in higher trophic |&j.els this
context, loassayausing weltidentified organismsas sensing eleemtsrepresent a powerful
approachfor the measurement of toxicity in industri@lfluents andenvironmentalmedia
Many bioassays based bacteria[2], plant tissue§3], animal cell§4] and micrealgae[5-7]
have been developed over the last decadegaiticular, the latter have been widely used for
toxicity assays because of their high sensitigggociated with goodreproducibility of results
[8]. Marine micrealgae are particularly promisings they have often developed specific
response torganic and inorganic pollutantbeingalsoable to remove heavy metals arattain
toxic organic compoundsithoutcreating a secondary polluti¢8).

In order to develogeviceghat are simpléo use and able tstabilizebiologicalsensing
elementsit has been proposed to immobilize microorganistisin solid supportsa process
called biencapsulatiof10]. The immobilization conditions have to be compatible with the
survival of the cellsand thepreservatiorof the biological activityinvolved te sensing event
[11]. Interest in the bi@ncapsulatioproceshas initially focused on gels formed biporganic
polymers, for obvious reasonsaftobiocompatibility, andthenin matrices based on synthetic
polymers[12]. However, encapsulation in fyoners has certain disadvantages, in particalar
terms of(bio)chemical and physical stability and formation of maomous gelsavoring cell
leaching The use of inorganimatricesobtained via the sajel processs another useful
methodasit provides access @els withcontolled porositythatcan showbetter chenical and
mechanical stability13-16]. Moreover mostells do not have an enzymasigstem capable of

degrading silicafavoring longterm preservation of the host



Several mico-algal biosensors based on the-gel bioencapsulation process have
alrealy been described 7-20]. However,it would be useful to develop a versatile platform
that could be easily adapted to the nature of the cell and of the targeted polithéntalls
for a better understanding of the relationships betweegedohaterials, micr@rganisms and
toxic speciesln this context\we have selected hetkreedifferent microalgal species and
studied their response towards three widespread pollutaitsium, lead and anthracerfigst
in suspension then within silica nanocomposite matrices preparad dgueous rout§21].
The response of the microalgae was monitored byrophyll a fluorescence am&ir P-metry.
We found out thathe chemical modification of the host materallows to achieve theast
detection of the pollutants, in a matrand celldependent manneknalysesf theorganically
dopedmatrices by porosimetry and solid state NMR offer a detailed description of their
chemical and structural featuresplaininghow aminor introduction of organosilanes can have
a major impact on their affinity for pollutantad ultimately, on the cell response to their

presence.

Experimental

Cell culture

Theusedorganisms arérom the National Museum of Natural History (MNHN) in Pariswvo
eukaryoticspeciesChlorella vulgaris(CCAP 211/11bpndEuglena graciligALCP 217 and
one prdaryotic cyanobacteriaAnabaenaflos-aquae (ALCP B24) were selectedA. flos-
aquaeandC. vulgariswasgrown in % R O G 1 BB} mediDr@at pH 7.2 wherea<. gracilis
wasgrownin a mineral medium at pH 3[&2]. All culture media are sterilized by autoclaving
(121° C, 20 min,220 kPa before useThe micrealgae ket in erlenmeyer flaskaereplaced

in agrowth chamber conditioned to 20.@0 °C andnanually shken once a dawt least The



irradiancewasadjusted to the optimal intensity for each strain thrawggn lightq30- PRO
m? s photosynthetiphotonflux (PPF)for cyanobacterig40- P R @ sPfor green micre
algag. Algae were maintainesh nycthemeral cyckeof 16 hours of illumination and 8 hours

of darkness.

Immobilizationmethod

Cell encapsulation was performatiambient temperatueecording to the aqueous route of the
solgel proces$21], usingsodium silicateand colloidal silica as precursdisig. 1). Sodium
silicate (NaSiO;s, [Si] =0.16 M, 1 mL) andLUDOX® HS-40 (12 nmSiO; particles,[Si] =
1.66 M, 1mL) purchased from Aldrichjere mixed to obtaia homogeneus silica solution.

A HCI solution (4 M) was then addedropwiseto reachpH 6. An algal solution (1ImL)
containingca. 10’ cellsinL wasimmediatelyintroduced under stirring at 300 rpm. The whls
controlled again and adjustealpH & The resulting solutiomwasput in transparent cuvett€s
cm width). The cellularized gelasleft to age for24 hoursat 20°C, resulting in asilica
monolith Hybrid matrices were preparefllowing the same procedure except for the
introduction of 5 mdk (relative to total Si contentof aminopropytriethoxysilane
(Si(OCGHSs)3C3HsNH2, APTMS) or ethydtriethoxysilane $i(OGHs)3CoHs, ETES)in the silica

precursor mixturdefore cell suspension addition.

Effect of pollutants on biological activity

The effect of toxic chemicals on micedgae was tested with cadmium and lead as heavy metals
and athracene as organic polluta@admium andead together with mercuryhave been
identified as the most toxic heavy metals and their effect on environmasieenwidely

studied23,24]. Anthracenéelongs to the family of polycyclic aromatic hydrocarbons (PAHS),
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that are pollutants found in albarts of both aquit and terrestrial ecosystems arfkit
accumulatioralsocauses important troubl&z5].

The stock solutions ofd(NGs)2-4H2O and Pb(NG). from Sigma Aldrich and
Anthracene(Ci4H10) from Prolabowere preparedvith MilliQ ultrapure water and all test
solutions were prepared from the stock by dilution in Millwater immediately before usk
mL of the test solutions (or 1 mL of distilled water for control samples) was added to 3 mL of
cell suspension or deposited on the top ofaijel monoliths of the same voluni®llutants
were tested dinal concentration of 1, 5, 10, 50, 100 and 500.[The exposure time was set
to 30 s and 30 minutes. After this delay, thH®ofosynthetic activity was determindxy
measuring théuorescencentensityof chlorophyll a ( G« =640nm; @m= 680 nm). Therate
of increase or inhibition in fluorescence after the exposure was deterastieeldifference
between thevariation of fluorescencm the presence ahalyteandvariation of fluorescence
for control (in %) It was checked that no interference could arise between the fluorescence
spectrum of anthracene and that of chlorophyll a pigments.

Thetitration of ATP in cells is particularly interesting because it provides informations
about the@ metabolic activity. ATP-metry consists in assaying ATP produced by the cells
during respiration. ATRontentallows to estimate the microbiological biomass because th
energy source is present in all living cells and the rate of ATP per cell remains relatively
constan{26]. It was recently showthat ATPmetry iswell-adapted to monitor the viability of
silica-encapsulated cellR27]. Values are given in % of variath compared to cells in a
pollutantfree medium.

All experiments were performed in triplicate amesults were expressed as the

arithmetic mean * standard deviation.

Materials claracerization



Silica aerogels were prepared by supercritical drying ofhydrogels. In a first step, the
hydrogels were dehydrated by a series of immersion (15 min each) in aqueous solutions
containing 5070 and 90 % ethanol, followed by two immersions in absolute ethanol (96 %).
Then the recovered samples were introducetlercold chamber (10°C) of a Baltec CPD 030
equipment and ethanol was slowly replaced by liquic G€ng several injection/removal
cycles. Once all ethanol was removed, the chamber was heated to 40°C anad thah@O
supercritical state was slowly remalve

The N adsorptiondesorption isothermsf aerogelswere obtainedcht 77 K using a
BelsorpMax instrument from MicrotracBEL The specific surface areaSser and
correspondin@egeT constantvere calculated according to the Brunatenmettdeller (BET)
method using adsorption data in the relative pressure range from 0.05 to 0.25 whereas the pore
sizedistribution and average pore si2p estimated using the BaribyneriHalenda (BJH)

method ly analyzing the desorption branch.

Solid state NMR studies were performed on a Bruker Avance Il spectrometer operating
at 300MHz for *H and 60MHz for 2°Si. 7mm zirconia rotors were spun akBz using a
broadband dual resonan¢& X Magic Angle Spinmig (MAS) probe. In the case of quantitative
High Power DECoupling (HPDEC) expewnts and qualitative Cro$%olarization (CP),
63,1$/ GHFRXSOLQJ ZDV DSS O1#58kHz)){28]. ¥5) HPIFEDGhataN L R Q
were recorded using20° pulse and a ogcle delay of 6 and ~960 transients'H} -2°Si CP
experiments were carried out with a 90° pulse a recycle delag,cd tontact time of 8is and
2048 transients.. Twdimensionnal (2D) HETeronuclear CORrelation wikh homonuclear
decoupling {H}-?°Si DUMBO-HETCOR experiments were performed at 4824MAS rate
with 1s recycle delay, &1s contact time, 24—V '80% 2 S X&~66kH2,\82 slices and
256 transientg29]. An exponential line broadening &0 Hz for 2°Si and a cosinus

multiplication in*H 2D dimension were applied, respectively.



Results

Effect of pollutants orell suspensions
The inhibition rate of fluorescence emission was evaluated immediately after the exposition of
micro-algae to pollutant&30 s)andafter 30 mimites Results for both timeare similar and data
shown hereand afterwardareafter 30 s of expositio(Fig. 2a-c andElectronic Supplementary
Material Fig. S1 for selected fluorescence spetgtrigor A. flosaquae, the inhibition of the
fluorescence emissiowas observeceven for the lowest tested concentration (1 pbdd)
pollutants(see data for low pollutant concentratiorGiectronic Supplementary Materigig.
S2). Values for the various pollutants were ratienilar, in the 2622 % rangeThe inhibition
extent increasedharply with the ineasing pollutant concentratido reach51.5 %, 34.5 %
and42.5 % for Cd(ll), Pb(ll) and anthracene, respectively 500 uM.The inhibition rate®f
C. vulgarisat 1 uM after exposition t&cd(Il) and PRIl) were29.5 % and26.0% respectively.
For anthracene slightly negativevariation(-0.14 %)was recordeguggetng an increase of
fluorescence emission after the exposition of medgae to the PAH pollutaibiut these values
remainedwithin the measurement errorhe inhibition rateseacled a plateator 100 uM for
anthracene and PBH and continue to increase widmincreasing concentratiasf Cd (I1). At
500 pM, this micrealgae showed aigiher sensitiity for Cd(ll) thanfor PK(Il) (47.0 % and
37.0 %) and aslight decreasén fluorescencevas observed faanthracene-(@4 %). Finally for
E. gracilis the inhibition rate increased sharply wititreasing concentration of @Gf from
295 % at 1 pM t0420 % at DO pM. For PKII) and anthracene, the inhibition rates were
negligible (< 0.5 %pt 1 uM, andemains very low even at 500 p{da. 2 %)

The evolution of ATP produced by different mieatgae in the response to different pollutants

was also followedFig. 2d-f). For A. flosaquaea decreasen ATP production was observed



with the increasef pollutants concentration, especially @d(ll). For C. vulgarisno variation

in the ATP level was noted for anthracene, and Cd(ll) preserttegher effect than Pb(ll) on
the ATP production. Finallyg. gracilisexhibiteda constant production of ATP inggonse to
Pb(ll) and anthracenéut an important decreasetbé ATPlevel wasnoted in the presence of
Cd(ll). These results are in excelteagreement with the previous data obtained by measurin

fluorescence inbition rates.

Effect of pollutants on algal cells encapsulatetlyhrid silica matrces
The threealgal species were first encapsulated in a pure silica mdftriball cases, #
fluorescence intensity after 24 h of ageing was similar to that of the cell suspemslaating
no significant detrimental effect of the encapsulation prooeske photosynthetic activity of
the cellsWhenl1 mL of pollutant solution at 10 pMvas put in contact with the ceibntaining
gels, nosignificantchange in the fluorescence intensity could be observed, whatever the algal
species or the toxic elemeritig. 3a-c and selected spectia Electronic Supplementary
Material Fig. S3. Sincetheinitial cell viability was preserved, evhypothesized that the silica
matrix inhibited in some wayhe transfer of Cd, Pbnd anthracendrom the supernatant
solution to the encapsulateells,most likely due tanteractionof pollutantswith theinternal
surface of the pos2Hybrid matrices incorporating TES bearing an ethyl groupr APTMS
bearing an aminopropyl side chaig a surface ageswere therefore prepared and used for cell
encapsulation. For all cells atth matrices, no modificatio of the fluorescence intensity
could be detectedifter 24 h of encapsulation compared to cell suspensiorparesilica-
encapsulated cells, indicating that thesganically dopethosts were still fully compatible with
the preservation ahicroalgae biological activity.

Fluorescence intensity curves are showRig 3b-d with selected spectra provided in

Electronic Supplementary Materiaig. S3 Theresulting inhibition rates are gatheredriable



1. In the aminemodified matriceswe noted no responséthe cellso heavy metalsThe effect

of anthracene followed the same trend as for cell suspensixcept for a systematic decrease
of inhibition rate by ca. 5 %eading tonegligible inhibition ratefor E. gracilis Such a limi¢d
decrease indicates that anthracene is diffusing almost freely within the porebydfrildsilica
network. This hypothesis is strengthened by the observation that these regsmyasehserved
less than 1 minute after pollutant additi&TP assag were alsocarriedout for encapsulated
cellsat different concentrations of anthracei@ese results are agreement with inhibition
rates,showing thedecrease of ATP level fok. flos aquag(seeElectronic Supplementary
Material Fig. S4. In contrast to APTMS, thsilica gelfunctionalizedwith ETESIed to the
absence of response for all cells in the presenantbfacene. However, all entrapped cells had
clearresponses to heavy metals observed for the previous matrikginhibition raes were
systematically but only slightly (less than 5%) smallerfamobilized cellscompared teells

in suspensionleading to a nomeasurable response Bf gracilisto PK(ll). Here again, the
responsavas fast andgtable over 30 min of exposition afi cells with different pollutants.

ATP-metryalsoconfirmed these trendsdeElectronic Supplementary Materigig. S4).

Characterization of the hybrid matrices

In order to understaritie effect of the addition afilanecoupling agentsn the silicastructure

the gels were converted into aerogels using supercritical dryinghemecterized bpitrogen
sorptionat 77 K(Fig. 4a). The shape of the isotherms gives information about the textural
characteristicef materiald30]. The isotherm obtained for silica gel with APTMSigype II,
corresponding taon-porous or macroporous materid]. For other samplesge. unmodified
silica gel andsilica gel with ETES, we obtained type Iotherms, correspondingp

mesgorousmaterialg(2-50 nm)

1C



Calculation ofthe specific surface areer andpore size distributionHig. 4b) from
these dataonfirmthat the presence of silankeas changed thgel porousstructureto various
extents APTMS has a negligible impact on tlspecific surface area tiie inorganic network
(Sser = 190 nf.g! and 185 rag? for pure silica and APTMSilica aerogel, respectively)
However, the pore size distribution is broadeard extends up to the macropore domean (
50 nm), in agreement witthe sorption isotherm shapka contrast, upoETES addition,the
specific surface areimcreasedy ca. 30 %(Sser = 255 ni.g?) compared to the pure silica
matrix In parallel,the pore size distribution is shifted towards smaller pddessalue being
ca. 3 nmcompared taca. 5 nm for pure silicaExamining theCger parameteiprovides an
additional information This parameter is related to the affinity of fdr sorbent and can be
used to compare the hydrophilic/hydrophobic character of pore ssiffaiceloselyrelated
materials, such as hybrid silidemsed systems]-33]. In this contextthe pure silica matrix
with the highesCger value(Cger = 110)was the more hydrophilic, fewed by the APTMS
modified ong(Cget= 90)wherea€ETES had the more hydrophobic surféCeer= 50).

To understand further the modification of silica gelssiigne coupling agents, they
were characterized {H and?°Si solid state NMR (nuclear magnetic resonance) spectroscopy
[34]. Thequantitative’®Si HPDEC NMR spectra of the nanocomposite silica gel anthtbe
modified gels show a signal attll ppm with similar intensity that corresponds to
Q*(Si(OSiy silicate species) anal weaker signait -101 ppm comingfrom Q® (Si(OSik0H)
species(Fig. 5A). Some signals with very low intensities could be distinguished at higher
chemical shifts for the ETES samfeg. 5A(c)). In order to better characterize these signals
{1H}-?°Si CP was used as a selective but-gaantitative tool Fig. 5B). Indeed, sing this
pulsesequence, signals are enhanced according to'th@iroximity. Thus for thepure silica
gel, the Q* and @ peaks now have a similar intensitlfor silica gel with APTMS and ETES,

these signals are also present with similar intensitiesstvanhgersignals are visible at
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approximately- 46, - 56 and- 66 ppm, corresponding to'TT? and T species, respectively.
These species correspond to Si atoms of the silane molecules linikee doganic group and
forming 1, 2 or 3 G6i bond with other Si atomsOne should notice that for all silanes, the
more condensed species’Beem to prevail over less condensed ones, suggesting a good
integration of these molecules to the silica nelw@vhen the different samples are compared,
the relative peak intensity suggest that ETESn®re abundanthan APTMS Attemptsto
perform thermogravimetric analyses of the different sangilesvno significant difference in
weight loss between the pure and hybrid mateneisch could be expected for the low amount
of introduced silanes. Accordingly, FTIR spectra did not allow for an unambiguous
chaicterization of the grafted moieties.

In a gep further, weaskedif the silanemoleculeswvere bounded to the silicaspecies
or to the Ludoxparticles, or bothWe focused on ETES8ontaining samples since this silane
wasmoreabundant in the silica netwotkan APTMS For this, we preparetivo additional
samples: a pure Ludox system and a ETF&ificategel. Noticeably attempts to obtain gels from
ETESsilicates mixture were unsuccessful. We record®8i HPDEC spectraf these
additional sampleg@ig. 5A(d,e)). Considering first the Qspecies in the absence of ETES, the
spectrum of th&eudox sampleKig. 5A(d)) is very similar to the silicateudox sampleKig.
5A(a)), denoting that this spectrum is dominated by Ludox core parti@iethe contrary, when
studying ETESsilicate systemwithout Ludox, the silicon network is much less condensed with
anintense Q signal Considering T speciesthe lower intensity of the corresponding peak
suggests that they are incorporated in a lower amount compared to thestid&&sLudox
sample. Altogether these dasaggestthat ETES interacts wittboth silicates and.udox
However the first situation eens to prevalil, reflectinthe fact thathe probability for the three

reactive SiO groupsof ETES to form bonds with 3 other-8i speciess higher insilicate
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solutions, containingetravalentsilicic acid Si(OH) species, than on Ludox nanoparticles
wherea maximum of 3 silanols groups on the surface can be involved in the grafting reaction.

To go further in this analysis, we established 2D maps of interactions betWeel
29Si NMR signals, as it allows to study the connectivity among all spe€igsd). The presence
of signals at the crossing of vertical dashed lines corresponding to specific peak$®8i the
spectrum (projection shown on the top) and of horizontal dashed lines corresponding to specific
peaks in thelH spectrum (projection showon the right) indicate that the chemical species
corresponding to these two peaks can exchange magnetization through space, i.e. are in close
proximity. The signal intensity is shown using a color scale, from blue (weak) to red (strong).
For Ludox sampleQ? Q® and ¢ species are correlated with protons in thé @gm region
(Fig. 6a), corresponding to silanol Si groups. In silica nanoparticles; oecies are located
within the core of the particles3@pecies are mainly located on their surface, although the core
structure is not fully condensed and can also incorporate some Ofsdit@h atoms. Finally,
Q? species are expected to be localized on the surface in a very large majority. As a #esult, Q
and @ exhibit different'H signals. While core OH near*@re at 3.7pm, surface OH near’Q
are at 4.7ppm, indicating stronger4donds[35]. Similarly, core @ and core @2°Si chemical
shifts (-111.3 and-101.5ppm, respectively) are slightly differefrom near surface Qand
surface Q(-109.8 and99.9ppm, respectively), as also evidenced when superimposing CP and
HPDEC spectra (not shown). Thus, there is a complex network of interactions between silicon
Q2 atoms and protons, resulting in a broassspeak region. Nevertheless, it can be noted that
the correlation signal is more intense férgpecies than for ®in agreement with the presence
of one remaining SiOH group in the former.

Moving to the ETESsilicate system, théH spectrum shows aadditional band at
1.2ppm corresponding to the aliphatic protons of thEs@H>-Si ethyl chain of the

organosilane Fig. 6b). Concerning the'H peak at 4.ppm, it exhibits a much narrower
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lineshape than on Ludox sample, which would suggestiitied waterather than OH. Indeed,

it should be reminded that silicates have-pootonated @O which can be involved into such

a Hnetwork. Considering the cropgak region, ®species correlate mostly with the ethyl
groups and &with water although &ethyl andQ*-silanol correlations are also detected. This
indicates that the organosilane is well incorporated within the silica network. Focusing on the
T" region ¢55.5 and-63.0ppm on the’*Si spectrum), we observed a strong correlation of the
Si atoms of the iganosilanes with their ethyl chain, as expected. Moreoveetlyl and G-

water have noticeably differefiSi chemical shifts-001.5 and99.9ppm, respectively). This
suggests high crodmking of ETES and silicates with the presence of E-FEEB hyd-ophobic
pockets.

Finally, the ETESsilicatesLudox material is mainly a supenposition of the two
previous 2D spectrd{g. 60). Nevertheless, two additional observations can be made. First T
signals now show some cressH D N¥=B.8\ppim, which carcorrespond both to surface OH
groups from Ludox and to water near silicate. Here it must be underlined thma® at
"*H=4.5ppm is not as sharp as on EFEificate sample, indicating either@nr water amount
or a decreased water mobility. When lookoegefully to the 2D map, a correlation is present
between ¥ DQ G 2 +HB3W ppm which can only be attributed to core Ludox OH groups.
This is a clear evidence that some ETES molecules are grafted at the surface of Ludox particles.
Second, ®and J speies are both correlated with silanol and ethyl chains. Each of these four
peaks exhibits a shoulder characteristic of multiple environments. One can thus identify both
ETESsilicate and ETE&udox peaks. Altogether, it strongly supports our previous
assumptionthat ETES is present both on the surface of Lyslrticlesand within the silicate

network.

Discussion
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Cell-based bioseinrsg materialdesign relies on three elemer(i$:an analyteresponsive cell,
(i) a solidstate supportor these cells andii) a robust(i.e. sensitive, reproducible and, if
possible, easily available) detection method.

Prokaryotic and eukaryotic microalgae are vkelbwn to be high sensitive to heavy
metal exposure but their response varies with the species and, simiaibys metals may
cause differenresponses within same speci€air studyconfirmedthis fact: (i) the highest
effect was found for Cd(ll) for all micralgae, with the cyanobacteria being the more sensitive
to this species (ii) Pb(ll) presented a sanieffect onA. flosaquae andC. vulgariswhile E.
gracilis showed no sensitivity to this pollutanthe half maximal inhibitory concentration
(ICs0) of cadmiumand leadtowardsA. flosaquaewas reported tde 1.25 M and5 BM,
respectivelyafter 3 days of conta¢B6]. We found here an g of 500 P for Cd and the 50
% inhibition threshold was not reachied Pbat this concentratiohut after only 30 s, making
direct comparison difficult. From a physiological point of view, it was shoven @d was
accumulated irh\. flosaquae resulting in thelterationof the ultrastructure of thylakoid87].
These reports correlate vemell with our observations of the strong perturbation of the
photosynthetic pigments @&f. flosaquaein the presence of Cd(lIT.heinhibition of growth of
thegreen micrealgaC. vulgarisby heavy metalin both dose and time dependenanner was
also reportedi38]. For example,n treatments at 3, CdIl) was found more toxic thalk(lI)
after 24 N39]. Here, the difference in the impact of the two ions became significant at higher
doses (100MM), as expected for a much shorter exposition thmally, our study oE. gracilis
showed a high sensitivity for Cd(ll) and almost no response to Pb(ldsiixm. This result
confirmed the work of Navarro et ad(Q], showing thatCd(ll) inducedsignificanttoxic effects
to this specieabove 50 while P+ was almost ineffective up t@Q0 M.

It has been suggested that the hydrophobicitpwfmolecular weight PAHs, such as

anthracengallowingfor its incorporation within cell membranes a key propertgriving their
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cytotoxic effect[41]. However, very few papers have described thecef®¢ anthracene on
micro-algae #2], noneof them beingelated tospecies chosen in our study. A comparative
study ofthreedifferent species of cyanobactesiaowedhatanthracenat dose ota. 150 RV
candecrease chlorophyd amoundown toca. 80 % after a 4lays exposur@43]. Our study
showed that at this concentration the cyanobacritlosaquaereact to anthracene wita.

35 % of inhibition ratafter 30 swhile E. gracilisseems not to b&ensitive to this PAH. Finally

for thegreen alga C. vulgaris an increase ifluorescence was observed, suggesting that the
stress induced by anthracene is different from the one induced by metal ions for this specific
species.

In this context, ATP-metry reveals to be a highly complementary technique to
understand the effect tife pollutants on the cellular activitywhile chlorophyll afluorescence
gives information on the photosynthetic apparatus of the microalgae, the level of ATP within
the cell reflects its global metabolisithe overall excellent correlation obtained hieetéwveen
these two techniques therefore evidences that the monitored decrease in fluorescent intensity is
a reliable indication of the pollutant cytotoxicity. Meanwhile, the observed increase in
fluorescence intensity upon anthracene additidB. tgracilisis not correlated to a significant
modification of the ATP level, suggesting tHat this microalgae anthraceigerferes more
specifically with the photosynthetic process.

Overall, we could show here that the selected algal cells could responcasarable
manner to one or several of the tested pollutants in a short amount of time (less than 30 s). They
therefore constitute interesting organisms for the development of biosensors. In a next step, we
have studied how these responses are affecteldelryeincapsulation in silica gélhe purely
inorganic material revealed to be wallapted to cell immobilization, as both the chlorophyll a
fluorescence and ATP production level were similathat of cell suspensianafter 24 h.

However, encapsulated cells showed no response to the addition of Cd(ll), Pb(ll) and
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anthracene added at a Bl concentration. Such an effect could be expected for metal ions as
their strong tendency to adsorb on the negatiebgrged surfax of silica are already well
known[44] (Fig. 7a). However, the absence of response for anthracene was more sug®ising
its hydrophobic character makes it very unlikely to interact with the hydrophilic surface of the
inorganic pores. In fact, one possitldxplanation is that the porous network of the silica gel is
too hydrophilic to allow anthracene diffusion. This hypothesis is supported by a previous report
showing that hydrophobic molecules produced by silica encapsulated cells were rapidly
expelledfrom the inorganic network and accumuthite the gel supernatafd5].

The introduction of organosilanes within the-gel formulation appears as a suitable
approach to address this issue. From a chemical perspective, tuségreanocomposite silica
gelis formed by the polymerization of silicates species (i.e. polys#icids OH-(SixOy(OH),)-

OH) via condensation of silanol groufesy. 1)

OH-(SixOy(OH),)-OH + OH(SixOy(OH),)-OH e OH-(SixxO2y+1(OH)2,)-OH + H.O (1)
The colloidal silica nanoparticl€SiOy)c are trapped within this network and the condensation
between the silanol groups of the particle surface and silicates is also p(esgil2§46]:
(SiO2)c-OH + OH(SixOy(OH),)-OH 02 (SIOz)c- O-(SixOy(OH),)-OH 2
When organosilanes (Bi(OGHs)s), with R = GHeNH2 (APTMS) or GHs (ETES) are
introduced in the aqueous formulation, they first undergo hydralggis3)

R-Si(OCGHs)3 + 3 HO ceR-Si(OH)3 + 3 GHsOH (3)
These species can then condense with sili¢atpst)

R-Si(OH) + OH-(SixOy(OH),)-OH e R-(Six+10y+1(OH)z+2)-OH + HO 4)
and/orwith silica nanoparticles (e).

(SiO)c-OH + RSi(OH) e (SiO2)c-Si(OH)-R + HO (5)

Thus, they can perturb both the silichesed matrix and the silicate/colloidal silica interface.

17



When APTMS wasncorporatedn small amount to thgel, as evidenced by solid state
NMR, the encapsulated cells recovered their initial sensitivity to anthracene whereas metal ions
still had no effect on these cells. From a structural point of view, this silane oritglyslig
decreases the specific surface area of the silica network while indbeifgrmation of much
larger porestwo evolutions that cannot explain the observed modifications in pollutant
diffusion. From a chemical perspectiagditionalamino groupsancontribute to Cd(Il) and
Pb(ll) binding to the surface, explaining why they still cannot be detected by the immobilized
cells[47] (Fig. 7b). Considering anthracene, it is interesting to note thaCtae value is
smaller in APTMScontaining gels compaideto pure silica gels. This means that the
hydrophilicity of the pores has decreased and may therefore become compatible with the
diffusion of anthracene from the supernatant to the encapsulated cells.

ETES addition of the sajel formulation led to itsfécient incorporation within the
inorganic network2D correlaton NMR spectra indicate that tlsgane is incorporated not gnl
in the silicate matriXeq. 4)but also at the surface of the nanoparti¢des 5) This can explain
why, despite the lovamount of introduced ETES, it can induce significant changes in the
porous structure and surface chemistry of the nanocomposite hydAsgeixpected, the
incorporation of ETES also leads t&eer valuethat is smaller to that of both pure silica gels
and APTMSmodified materialsNoticeably Cger value for a mesoporous silica material after
calcination was reported to ba. 95, close to the value (110) found for the pure silica gel, while
after grafting propylsilyl groups it decreased to 68, in faieagrent with theCger= 50 value
found herefor the ETESmodified aeroget® In this condition, the surface adsorption of the
metals ishindered allowing for their diffusion and detection by the encapsulated(Egjls7c).
On the contrary, the moteg/drophobic character of the surface is expected to favor anthracene

adsorption, hindering its efficient transport to the entrapped organisms.
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Having identified pollutansensitive cells and engineered encapsulation neatric
compatible with their preserdeactivity, the question of the detection method must be raised.
On the one handthe correlation between AThetry and fluorescence measurements
demonstrated that the latter provide a reliable indication of the presence of toxic species in
water. Moreover, due to the good transparency of the gels, such an optical method is well
adapted to silic@ncapsulated cell$iowever, two important points ngédo be investigated
further. First, the smallésoncentration of pollutant studied here i$M. While the response
of cell suspension was already significant (ca. 20 % of fluorescence inhibition), investigation
of lower doses is necessary to determime limit of detection of the method. Noticeably,
although the encapsulation matrix, once suitably modified, led to a maximum decrease of 5 %
in the fluorescence intensityg the presence of pollutants at I, it can be expected that
surface adsorption pnomena mabecome more crucial when this concentration is decreased
This canimpact on the limit of detection as well asthe existence of a linear desesponse
regime. Hence the herdevelogd materials mawt this stagée more useful as indicatara
global level of contamination rather than for the precise determination of a given pollutant. In
this context, the choice of appropriate organosilanes should allow an easy discrimination
between inorganic and organic contaminamteother important gsect that need to be
investigated is the stability of the cellularized material. Whereas previous reports have shown
a good preservation of sili@ncapsulated over mongeriods in a wet state, the possibility to

obtain a stable and active system in thegdate remains highly challenging.

Conclusion

Microalgaebased solid biosensors allowing for thpiddetection of toxic metals and organics

in water were successfully obtained via a hybridgl chemistry approach. Of particular
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interest is the deanstration that the introduction of small amounts of organosileaesave
a strong influence on the transfer of pollutants from the solution to the encapsulated cells
without perturbing their biological activityThis points out that the design of whatell
biosensors based on immobilization processes requires to pay a bal#eo#dnato the
biological andmaterialpartnersultimately establishing new bridges between bird chemie

diversity.
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Table 1 Fluorescence inhibitiofin %) for the three microalgae in solution and within hybrid

matricesfor 10 MM pollutant solutions

cd(n Pb(ll) Anthracene

solution APTMS ETES solution APTMS ETES solution APTMS ETES

A. flosaquae 28.5 0 245 235 0 22 27 24 0
C.vulgaris  33.5 0 315 295 0 265 -25 0 0
E. gracilis 33 0 315 15 0 0 15 0 0
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Figure captions

Fig. 1 Overview of the encapsulation route

Fig. 2 Effect of Cd(ll), Pb(ll) &ad anthracene addition to (aA. flosaquae (b,9 C. vulgaris

and (c,J E. gracilissuspensions as monitored bycjanhibition of chlorophyll a fluorescence
and (df) ATP-metry.

Fig. 3 Effect of pollutants orfa) A. flosaquae, (b) C. vulgarisand (c)E. gracilisencapsulated

in a pure silica geld) anthracene on cells encapsulatedAPTMS-modified gels(e,f) Cd(Il)

and Pb(Il) addition on cells encapsulated in EFf&&lified gels on chlorophyll a fluorescence
intensity. All pollutants were at a 1BV concentrationArrows indicate the time of pollutant
addition.

Fig. 4 (a) Ne-sorpion isotherms at 77 K of the pure and modified silica aerogels and (b)
calculated pore size distribution.

Fig. 5 (A) HPDEGMAS 2°Sj and B) {H}-?°Si CP MAS (contact time = 3 ms) NMR spectra
for various aerogels

Fig. 6 2D {H}-?°Si HETCOR correlatiospectra (contact time = 3 ms) for (a) Luemxy, (b)
ETESsilicates and (c) ETE&udox-silicates aerogels. Symbols indicate the proposed
attribution of crosgpeak signals to Si atoms originating from Lud@y,(silicates (.) and ETES

()

Fig. 7 Schematic representation of the proposed fate of anthracene and metal ions in contact

with (a) the pure silica gel, (b) the APTM8Bodified gel and (c) ETE&odified gel
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Fig. 2
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Fig. 5
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Fig. 6
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Fig. 7
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