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——— Design of live biochip for in situ Nanotoxicology

studies: a proof of concept

Schaack Béatriéd®?* Liu Wei*9, Thiéry Alail™ Auger Aurélieh Jear -
Francois Hochepielj Castellan Mathiel) Ebel Christin&®<, Chaneac Corinné"
Achouak Waf&"e™

This paper highlights the way in which eukaryotal@nd bacteria based biochips are rele rant
for nanotoxicological risk evaluation. Here we defi NP-biochips as formatted surfaces
containing nanoparticles (NPs). They are simpleicesswhich can easily be used to gencrate
quantitative data expressing the effects of NPdimbhogical material in parallelized medinm
throughput assays. Firstly we dropped NPs and biact&ito an agarose layer, using fluoresce **
bacteria in order to follow by imaging the effeofsthese NPs on bacterial growth. Seconi ===
embedded the targeted NPs at precise spot locaitioagnatrix on which eukaryotic cells can
adhere, and followed cell growth. We used titanidioxide as model NPs for the co..c ..
validation. Both types of NP-biochip are realizedorder to pattern NPs in 50 or 100 dried - ~~
um diameter spots on a glass plate, with less 6ha%b variation in concentration between spo s
For anatase Ti©®NPs, we were able to record a non-toxic effectnbgasuring bacteria u.
eukaryotic cell survival. NPs are not internalizedbacteria; we thus used hyperspectral imc 4y
to observe NPs on their surfaces. In contrast, M&sslocate in eukaryotic cells so we U sec
fluorescent TiQ and quantum dots to verify that NPs migrate from NP-biochip matrix intc
bronchial cells. In order to illustrate the releaséP from the chip into the cell, we present u ¢
dose-response curve in the case of a toxic rufile NP. These devices prevent cell and bacteiia
suffocation that is often observed in standard ysgawells due to NP precipitation. We beli ve
that these tests realized on gel coated biochimaagher realistic model for NP exposimesitu,
imitating bacterial growth in biofilms and eukarjotells in tissues.

1. Introduction ecosystems also raises concern. Microorganismisegrplay’ s
in the global bio-geochemical cycling of nutrientsganic
Over the last 20 years, titanium dioxide (RQn particular in  matter decomposition and waste treatment. Any danathese
the form of anatase and rutile nanoparticles (NARss microorganisms by NPs may disturb these functienabysten s
contributed to a revolution in several industri@lds such as 4 8.
renewable energy, sustainable housing, environrhenta
remediation and cosmetics 2 Nanoscale rutile has larger
absorbance properties when compared to nanoscatasan in In 2010, the production of nanoscale Ti@as estimated to e
particular for ultraviolet rays. It is thus favorddr outdoor 6.3% of the world's production of titanium dioxided could k »
application, i.e. industrial paints and sunscremmfilation. A found in 59 registered daily life productsin relation to the
reduction of the rutile particle size has led tamsparent and manipulation of these large quantities, numerougzaha
more attractive texture for sunscreéns In contrast, due to its assessments have already been performed in orderatoate
electronic properties, the anatase Fi@rm is more effective for primary routes for human exposure to Ti@Ps. Differer ¢
the production of electron-hole pairs and the gath@m of experiments analyzed the penetration of 2TMPs through the
reactive oxygen species (ROS) upon exposure td.li§h a stratum corneum by electron microscopy and condudeno
result, anatase is widely used in self-cleaninggland solar plausible effect of Ti@ NPs penetration through the hur.ian
panels, as well as water purification membrane anrepts®. healthy skin. Nevertheless their entry was repor¢dhan
Nevertheless, because they generate differents@felxidative wounds and UV damaged skin levél¥ Based on small anin. '
stress, both anatase and rutile are consideredotentfal toxicology data, Ti@ NPs were classified as “harmful” i
carcinogens, where humans are concerned, by temational literature® 12 Genotoxic mechanisms associated with ox. -2t re
Agency for Research on Cancer. The toxicity of ¢hemterials stress and/or inflammation, inducedvitro by TiOz NPs, have
needs therefore to be studied. Owing to the widsspuuse of already been linked to negative health efféntsivo, such as
engineered nanomaterials and their potential reléa® the respiratory tract inflammation and cancer in rdt$* Due .o
environment, surface waters, waste water treatfaeilities and their size and their ability to aggregate, theaactf NPs occ 'rs
other environments, their potential for adversdfgaing these primarily through their contact with cell membranés® In

This journal is © The Royal Society of Chemistry 2013 1
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vitro, disruption of eukaryotic cell membranes by TXIPs was colocalize in an automated way, in 50 or 100 spat&aryotic
described'”: '8 The mechanism would be related to structural bacterial cells and NPs of various types andcentrations.
changes in protein and phospholipid molecular dasdd The format of the two types of NP-biochip, the spiae of 400
These effects are triggered by oxidative stfe¥s2°leading to pm diameter, and the 2 mm distance between spttrsemy:
the activation of redox sensitive pathways. Apojstasduction designed for automatic image capture of the spsisgus
by TiO2 NPs has already been described, and the targeypel motorized microscope and avoiding cell confluence.

has been shown as a critical determinant to inixdaeresponse

and the level of NPs cytotoxicity. Regarding inflammation, 2. Method

stronger release of cytokine has been described cédis

incubated in the presence of ultrafine TiBPs (20 to 80 nm

mix), compared to fine (larger than 100 nm) paesctC. 2.1. NP-biochip design

Regarding bacteria, their photocatalytic inactivatiby TiQ L

NPs is already used for antimicrobial purposdspairment of 10 analyze the effect of several NPs differingiiresshape ai
cell membrane integrity - through ROS generationorup concentration, on bacteria or eukaryotic cells|icapes need tn

treatment with Ti@ NPs - seems to be the major cause B done on the same substrate. We chose to pedornP-
bacterial death 2L biochip on a glass plate, since it is a universgect displaying

a 75 x 25 mm printable area. Multiple assays warded out @

Risk assessments are now carried out in orderd@ase the this surface combining NPs and cell colocalizatianc
information available and to allow better decisinaking in the incubation. The distance between two consecutiet spnter .
choice between several TiNPs according to their toxicity. Was Setto 2 mm. We chose for each assay areajam@amete -
Currently TiQ® NPs can be synthesized by various methodd/rface, as it can easily be imaged using the 26ns o
including sol-gel, hydrothermal, combustion and -ghase, MiCroscope. It corresponds to the dispense of 8tint, were
leading not only to different properties but alsfiedent levels ©Obtained through the addition of 20 consecutivepsaf 400 |

of toxicity . A worldwide recommendation to limit theUSing the Scieflexarrayer® piezo-dispenser equippiéd an 80
manufacture of TI@NPs to safer products is likely to reduce thém diameter nozzle. The liquid to be spotted wds me96 */
risks NPs pose to human and environmental h&alth order to Shaped well microplates in order to minimize théuwee use .
select these products, technologies have to bdafmaso as to 1h€ spotting was verified by an active drop volumatrol
accelerate toxicity research on NPs through rapidtro high @nalyzing the image of the drop before spottingigiion®'<
throughput screening on bacteria as well as onrgokia cells. ~ Software).

In this article, we describe and analyze two intivesbiochips,
called NP-biochips, allowing a medium throughpuesaing for 2.2. Bacteria NP-biochip
NP in vitro toxicity. These devices prevent cell and bacter
suffocation under a NP precipitate that is oftersesbed in
standard assays. An interesting concept addregsgoint was
already described by Pelletier et &l.the idea was to analyze
NP effect on bacteria using disk diffusion testst i did not
allow determining an accurate localization of thBsNand the
bacterial culture on the same substrate. Therefdog,
bacteriological assessment of NP risk, we have tadapn

5 x 25 mm glass plates were coated with 400 pLiwvm d
containing 1% agarose (Euromedex®, France) andtitrgoy
Broth (TSB) (Difco®, France) at 3 g/L, rather thitwe usual )
g/L concentration in order to decrease the postyibidf NP
protein interactions. This mix was named Tryptiy @aros :
(TSA). The coated glass plates were then kept ¢fays)
hydrated lying on 25 mL agar (15 g/L) in individiRetri dishe~

agarose coating method over a glass sftledescribed for We usedPseudomonas brassicacearum strain NFM421, tagteg
9 9 9 with either red or green fluorescent proteins (Rifl GFP,

bacteria imaging, allowing the combined depositlMPs and respectivelyy®. The TiQ NP solutions were sonicated for 30 s

bacteria. This first biochip allows 50 parallelizadsays. We . s : e -
used hyperspectral imaging on this NP-biochip '!ust before mixing, in order to prevent NP preapin. A mi:

; ) . . o - &f bacteria and NP was prepared, composed of 5fbaderial
simultaneously visualize .the relative IocallgatlothOz NPs culture grown overnight in 3 g/L TSB medium (i.@05+/- 117,
and Pseudomonas brassicacearum bacteria, a Gamma-

proteobacterium described as a major beneficiatcotmnizing bacteria), and 100 L of 0 to 100 mg/L BiGIP. Using the
population ofArabidopsisthaliana andBrassica napus 2> 26 The Sciflexarrayer® piezo-dispenser (Scienion®, Germany

el S - ST dispensed 20 successive 400 pL drops of this migamh of the
second biochip was inspired by the SIRNA biochipalibed by 50 F;pots of the TSA coated gIF;\ss supbstrate atgerémcatior .
Gidrol et al. ?. It describes a eukaryotic cell-based ass?ﬁg 1). At this stage, the NP-biochip can be;xﬂdnr up to or
gitr:gggfudlac:virx%rg?:tl\l EnSDV?/LSigﬂm;gﬁ 'g;h(;%?;r:eﬁgggéc month at 4°C before analysis. Bacteria were themgrfor 48
Translocation of Rhodamine B - labeled Ti@ quantum dots at 30 °C on the NP-biochip housed by the wet t

. . - mentioned above. The NP-biochip was examined usim>
(QDs) N.PS through human bronchla_ll ep|_theI|aI ce@nmh)r_anes Chemidoc® MP imager (Biorad®, USA) in order to qgtifgr
was evidenced by fluorescence imaging. The pers@sct

. . . bacterial growth. For the purpose of microscopialgsis, th~
offered by the two NP-biochips are discussed. NP-biochip was mounted with a glass coverslip; mezment s

were made using an oil immersion 100 x magnifyiegsl
Hyperspectral image analyses were performed usytguive™
HSI (USA) system. Spectra were measured with thecm,
V10E spectrometer (400—1000 nm). ENVI v.4.4 sofewveras
used to record the spectral image using mixturedumatched
filtering, in order to discriminate spatial distuittons of NPs nd
Sacteria. Images of bacteria and NPs on the splmbsyn on F._
la, e.g. anatase NP, were obtained using a fluemée-

A few years ago, we suggested using 100 nL drapstaming
100 cells, to miniaturize cultures on a cell-onpchiuibstrate. This
tool was successful in producing data, in particul@50
measurements, describing toxicities (TOXDROP prtagjeanted
by the European commission in FP6 program) in atauce
with standard published data We develop in the present articl
a new concept which we called the ‘NP-biochip’ paling to

2 This journal is © The Royal Society of Chemistry 20 2
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microscope Nikon® 50i equipped with a fluoresceégiht and a
100 x magnifying lens. Transmission Electron Micasy was
carried out as described in Dessombz etal.

2.3. Eukaryatic cell NP-biochip

16-HBE human bronchial epithelial cells were cuétliras
adherent monolayers in modified Eagle medium (MBlNhT
Invitrogen-GIBCO®, USA) containing 10% heat-inaetigd (56
°C, 30 minutes) fetal bovine serum (Dutscher®, EeAnl mM
L-glutamine and 25 mM N-2-hydroxyethylpiperazinéN
ethanesulfonic acid (HEPES, from Invitrogen-GIBCQ&5A),

RSC Advances

area of 50 m?/g, mainly made up of spherical 25diameter
NPs and a mix of 70% anatase / 30% rutile. Tetredfydan and
rhodamine B were purchased from Sigma-Aldrich® (€
and used without further purification. Supercriticeoping -
nanometric TiQ powder was performed in a cylindrical h*:
pressure autoclave. The reactor was first chargéd ivg o:
TiOz powder, 1 mL of tetrahydrofuran and 100 mg of Rimaihe
B. CO: was then liquefied through a cooling unit (CF40t,;:n
JULABO®, Germany) and compressed by a PU-2088-El0c
pump (JASCO®, France) to 40 bars. The vessel washate .
up to 50 °C for 1 h using an electrical resistaacd a pressu.
of 80 bars was reached (the critical point of2@73 bars at 71
°C). After 1 h treatment, the vessel was cooled mdosvroon

as described by Merendino et*l.Hydrophobic glass substrate§emperature, and pressure was released. After ogpethic

were prepared as in Azioune et3l.Castel et al® have shown
that rehydration of cell biochip determines its sigvity and
fidelity. Therefore we have carefully followed tipeotocols of

autoclave, the Ti@nanomaterial was recovered using purifier
water. The NPs were then washed twice by centrifogaat
8,000 rpm (10 min) with water. The recovered sampke

Pitaval et al3* and Azioune et af? to modify the glass plates iNdialyzed (3,500 MWCO, Roth®, France) in water fovdek su

order to allow matrix protein folding during rehtiion. In order

to form 400 um wide dried spots containing NPs and

extracellular matrix, we first mixed the NP at tkesired
concentration with 6% matrigel® (Invitrogen-GIBCO®SA)

as to remove any trace of free Rhodamine B. Thpguetion ¢
nm QDs of CdSe/CdS/ZnS is described in Proti¢ral.&5.
They were spotted at 20 nM.

over a 96 wells plate. Using the Sciflexarrayer@zpi-dispenser 3. Results

(Scienion®, Germany) we dispensed 20 successiyesdrb400

pL of this solution (NP + matrigel® +4@) on the hydrophobic

glass substrate at precise locations (Fig. 3ajida&r attention

was given to avoid Ti@precipitation using micropipetting and

vigorous mixing before piezo dispensing. To allowslaw
dehydration of the spots and to avoid the dougliestccation
effect, the glass slides were kept at a temperaieabove the
measured dew point during spotting. At this poitie NP-
biochips were left to dry for 30 min, and stored andry

3.1. Bacteria NP-biochip

The bacteria NP-biochip consisted in a glass masged with 1
solid phase containing the appropriate bacterikiceimedium
mixed with 1% agarose, on which 50 400 pum dia: cwr
individualized spots containing bacteria and NPeevekeposite: .

P. brassicacearum is a Gram-negative bacteria plant réé&

atmosphere for up to one month. 16-HBE human ejdihe small enough to pass through the 80 um wide piézpedse

bronchial cells were dispersed using trypsin in théture

medium. 10 mL containing one million cells was tlaelded onto
the chip lying at the bottom of a 9 cm wide Petshd After 10
min, the plate was washed twice with 10 mL celkfreedium to
remove the non-attached cells. The whole devicéh W0 mL

medium, was then incubated for two days at 37 °GedHst®
33342 was used to color the nucleus and Alexa Rlu488

phalloidin (Life Technologies®, USA) was used toorothe

actin network. We also used the fluorescent LIVEADE® Cell

Viability Assays (Life Technologies, USA) according the
manufacturer’s instructions. For the purpose of ragcopic
analysis, the NP-biochip was mounted using Vectai8®

resin and a glass coverslip. Microscope (Olympus®5B

image captures were automatically obtained usintpfirder

OSA® Software (Imstar®, Paris). Nucleus labelinglged easy
quantification of cell per spot (i.e. 407 +/- 57lge

24. NPs

TiO2 NPs were anatase and rutile of various sizes
morphologies. The NPs used in Fig. 1la and Fig. Sebe
anatase isotropic particles of 25 nm diameter arkdg. 2a rutile
nanorods of 100 nm x 12 x 12 nm. They were lab-mBé¢ails

nozzle. Therefore, on the NP-biochip, bacterialdRd could L »
spotted together (Fig. 1a). The immobilization o bacteria in
each spot of the NP-biochip was obtained usindral#étyer o
TSA medium coating as described by de Jong e?*aWe
succeeded in keeping the bacteria alive at 4°Cdntaining th »
NP-biochip hydrated in a wet Petri dish containgniged of agar
at 15 g/L. For investigating NP toxicity, bacteaad NPs w~ _
incubated at 30°C during 2 days. The use of flumeesbacter..
expressing GFP and RFP allowed quantification eirthrowth
through microscope imaging, thus paving the way the
determination of NP toxic or non-toxic effect usiiigorescenc =
guantification (Fig. 1b and &j. We first noticed (Fig. 1c, d ar
e) that bacteria as well as NPs were well disteduhroughot t
the spots. Quantitative evidence can be observEirba where
fluorescent bacteria growth on the NP-biochip waalwate !
after 2 days using a fluorescence profile. The aseatNP was
found as nontoxic up to 100 mg/L. It compares wellesult ;
obtained in classical 96 wells microtiter plateseaf2 days
exposure to NPs, and recording bacterial numbersdre
dilution counting (Fig. 5b). The comparison of thmount o.
teria surviving in the presence of NPs, usirigeeiaroun..
520 bacteria per spot on the chip or nearly a thoddacter’ .
per well, showed that this NP does not preventdradtdivisic
In addition, thanks to the use of a novel methogyplbased ¢ »

of their synthesis, characteristics and preparadferavailable in pyperspectral imaging with enhanced Dark field wscopy3®
%. The commercial anatase B®Ps used in Fig. 5¢, e and 187 co-localization of bacteria and NPs was madeiplessvhe

were from Alfa Aesar (anatase spheres of 23 nm efiemand
rutile sticks of 47x18x18nm). Rhodamine B labeletio: NPs
were used to observe translocation in eukaryotits c&s it
appears in Fig. 3f and Fig. 4. They were manufactursing
TiO2 nanometric particles
commercialized by Evonik®, Germany) with a specffiecface

This journal is © The Royal Society of Chemistry 2012

fluorescent bacteria and TiQIPs are simultaneously detecie. |
as illustrated in Fig. 1d and 1e. NPs appear ag lméght dots,
since under enhanced dark field conditions, pasialppear 170-
fold brighter than under conventional dark fieldcroiscopy « ue

(Aeroxide® P25S Degussg Kohler illumination by collimated light source ablique

angles.
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Fig. 1 The bacteria NP-biochip. Schematic showing the three fabrication stepsh lated glass slide (light grey), agar ic
containing the culture media (dark grey), dropgKddue) containing NPs and bacteria (red); théypec at the bottom shows ..
plate as incubated in a Petri dish (black line)tamring agar (light blue). Chemidoc imager scan of the NP-biochip compr .in,
50 spots with different types and amounts of Nftgy @8 h incubation, showing RFP expressianylicroscope spot detail (5.7
nm, 20 x) showing the fluorescent bacteria befareibation.d. Intensity profile along 5 spots noted 1 to 5@ars b; e. and g
Hyperspectral images showing both GFP expressingasicacearum strain NFM421 by fluorescence microscopy (grearm =
TiO2 NPs (white) using 100 x magnificatidnRFP expressing. brassicacearum strain NFM421 by fluorescence microscopy (550
nm, 100 x);h. Transmission Electron Microscopy image of anataBe.N6cale bars are: 10 mm (b), 100 pum (c), 100 (ur

(f), 5 um (g), 100 nm (h). dB for dividing bacteria

More details were obtained on a mixture-tuned maddiltering macroscopic level, although some bacterial ceflasas appear
(MTMF) image resulting from hyperspectral image lgsia of to interact tightly with NPs. Indeed, hyperspecthalagen
bacteria and Ti©@ NPs. The complete composite spectrum afearly indicates interaction between NPs and betteell wall,
each pixel in the visible and near-infrared wavgtee (400- combined with homo-aggregation of the NPs.
1000 nm) was collected in a hyperspectral imageg. (). The [ q o l

spatial distribution and spectral information ofSN&hd bacteria
were derived from each hyperspectral image using t
Environment for Visualization ENVI v.4.4 softwar€ig. 2b and
c¢). Fig. 2a, b and c show, interestingly, thatnaroscopic level,
TiO2 NPs do not prevent bacterial division, as was oleskat

This journal is © The Royal Society of Chemistry 2013 4
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Fig. 2 Mixture Tuned Matched Filtering (MTMF) anaiyg of

RSC Advances

The very good homogeneity of spot coverage by 16HBIES,

hyperspectral imagea. Collected hyperspectral image of a 2@fter two days of incubation at 37 °C allowing aglbwth after
pg/mL TiO2 NPs mixture (rutile, colored in red) and bacteriastep 2, is attested by Alexa Fluor® 488 phalloidiveling in the

(white contours) on a NP-biochip spot, using 10@ns/1.3 oil

microscopic view presented in Fig. 3d. Phalloidsna hig’

iris; b. 4-fold zoom of a portion of the sample image (greaffinity flamentous actin probe revealing cell agtasm, an”’

rectangle area). The pixels matching the TiONPs spectral
library are colored in red, same view as in a. Sbalrs are om
(aand c), 3 um (b).

3.2. Eukaryotic cell NP-biochip

The eukaryotic NP-biochip is well adapted to NPtgraiing in
100 dried matrigel® spots of 400 um diameter keptaglass
plate. Eucaryotic cells are too fragile to passtigh a nozzle of
comparable dimension (30 vs 80um) and could natpmted.
Therefore, the spotting and cell attachment weréopaed in
two steps, according to Azioune et3I(Fig. 3a). During the first
step, one hundred hydrophilic 400 um wide spotsainimg NPs
embedded in a cell-free matrix were formed on tlesgplate
rendered hydrophobic by a ultrathin layer of poHlykine-
grafted-polyethylene glycol coating. For this spat we used
the dispense device and volume described abotbddracterial
NP-biochip. We used the intrinsic fluorescence propof the
matrigel to qualify matrix deposition in step 1gFBb and 3c
illustrate that: the matrigel® matrix is precisagposited; the
dried spots present a rectangular profile and tisevaly a 0.3 %
fluorescence variability in the matrix/NP amountimiar
reproducible profile was measured using QDs (nowst), in

Alexa Fluor® 488 a fluorescent labeling allowing éguantitativ.»
detection. Using Rhodamine B - labelled NPs and Q=
showed in Fig. 3e,f and Fig. 4 that NPs are abkgiffase from
the solid phase to the cell membranes and get plysgmbby the
surrounding cells as already described by Albesrilal. an .
Simon-Deckers et aP® 4% Interestingly, these authors and
using different bronchial epithelial cell linespoeted that abo’ it
20 NP clusters per cell are formed after theirgtacation. Thi >
amount of clusters per cell is maintained on thelelchip;
showing that the deposition and translocation pBses are
homogeneous on the whole chip surface. At macrasdeypel.
we used an alternate patterning of spots with aititbwt QDs t.»
check that NPs did not diffuse from spot to spag. Be shows
the cell nucleus in blue, as revealed by Hoech3#33Juclel >
coloration, and the QDs in red. On the one handretharc
definitely QDs inside the cells covering the QD tspdn
other hand, the QD-free spots are indeed coveredelly b1
devoid of QDs. At cell level, Fig. 3f and 4 showatht...

embedded Ti®@ NPs, were able to leave the matrix and

translocate into the adjacent eukaryotic cells.2TiPs (shc...
in red) concentrated in vesicles, most probablgdpsnes, in tt »
cytoplasm (green). Here nucleus (blue) and actireg
colorations are superimposed. Clearly the NPs hhee
translocated through the cell membrane and intizedlir

agreement with the literatuf® The decorated glass plate Wagesicles, as deduced from their defined clustecedlizatior..

then immersed at 37 °C in a Petri dish containing tells
dispersed in 10 mL culture medium. This second stepved
precise positioning of cells on top of each NP/igatrspot. The
optimal duration of attachment (5 to 30 min) waswh to vary
according to the cell type (data not shown, 10 foml16-HBE
cells). Several matrices (spotted in the first stegph the NPs)

The level of translocation was similar from celldell, as se¢ n
in Fig. 4b, most often around 20 round cytoplaswesicles pc.
cell. Exceptionally, the level of translocation waach lower, ¢ .
cans be seen in Fig. 4a. We estimated a concemtraftiTiO; NF

in the order of 1 mg/mL in the cellular vesicley, dbmparin’,
the fluorescent intensity of the cellular vesiclgth pure dried

were tested: among them, matrigel®, a commercialis@o Np (not shown).

sarcoma-derived basement membrane protein mixair&%
w/v concentration, was shown to retain 44 +/- 1Beadnt cells
per spot. We have followed the product specificatiheet in
order to ensure homogeneity during pipetting.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 The eukaryotic cell NP-biochip. Schematic of the automatic NP (red) and matrigatK blue) spotting followed by c .lI
(green) attachment and 48 h growth with cell caltomedium (light blue) incubated in a Petri dista@ line);b. Scan of the N}
biochip fluorescence after excitation at 550 nnobefadding cells¢. Fluorescence profile of 6 spots from scaml bMicroscopr
fluorescence imaging, 36 spot gallery of 16HBE lofoal cells, after cell attachment and 48 h incidmatdetected by Alexa Fluo: ®
488 phalloidin labeling (10 x at 500 nm, green esgntation)e. Image gallery of 6 spots with 7 nm ‘red’ QDs ansgp®ts without
QDs, incubated with 16 HBE cells, nuclei are detddiy Hoechst 33342 and appear in blue (10 x 5@tn for QDs and at 3 st
nm for nucleus detection,; Visualization of nucleus-labeled 16 HBE cells @land rhodamine B - labeled 25 nm TidP (red)
(20 %, at 550 nm for NP and at 360 nm for nucleetection). Scale bars are 2 mm (b), 500um (d),.50Qe), 10 um (f).

This journal is © The Royal Society of Chemistry 2013 6
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Fig. 4 NP-biochip reverse translocation in 16-HBHmMan
bronchial epithelial cells after 48 h incubationttwRhodamine
B — labeled (25 nm) Ti®NPs. Microscopic views of two

independent NP-biochips (a and b), the twages represent a

range of translocation levels obtained from indeleen experiments.
Fig. 4b representing the most common behavior. iPagéion of

fluorescent images capturatl 550 nm for NPs detection (red), ai

360 nm for nucleus detection (blue), and at 500famactin
detection (green) were obtained using a 40 x [Ens.beam was
focused to image NP vesicles. Scale bar = 10 pm.

4. Discussion

A few years ago, we suggested using 100 nL drap#taging 100
cells each, to miniaturize cultures on a cell-oipsibstrate. This tool
was successful in producing data, in particular |@¥asurements,

describingtoxicities (project TOXDROP granted by the European

commission in FP6 program) in accordance with steshgbublished
data?®. We developed in the present article a new conebjith we
called the ‘NP-biochip’, allowing bacteria and enjatic cell growth

in the vicinity of NPs (TiQ NPs or QDs), with technical specificities

related to manipulation of each type of cells, Herbrassicacearum

and human bronchial epithelial cells. Our devicieded from the
standard well procedure due to the fact that NR® Weeated under
the cells, preventing sedimentation of NPs dueawity. Analyses of
NP effect on cell growth and NP/cell interactionsrevdone using
fluorescent bacteria or labeled eukaryotic cellsl &yperspectral
imaging.The release of nanomaterial from the matrix ismapartant
aspect contributing to the success of a NP-biochip.major

observation in the present study was that bothQis and the

Rhodamine-labeled TiOsamples appeared as aggregates in vesic

within the eukaryotic cells (Fig. 4) on the cellf¥®chip; and as
agglomerates on the bacterial membranes on therizbtP-biochip
(Fig. 2). Our observations showed that NPs relehgdtie matrix of

This journal is © The Royal Society of Chemistry 2013
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the biochip entered the eukaryotic cells or becantieerent to tl =
bacterial membrane. Using classical culture, humesiudies have
shown that NPs are indeed highly aggregated ingidecells i
vesicles and in membran®safter incubation.

Hyperspectral imaging revealed that TiQP accumulation c.
the bacterial surface did not prevent bacterialisitiv.
Fluorescence imaging using Rhodamine B - label&db Bind’
QDs demonstrated in Fig. 4 their translocation ietdiaryoti-
cells. The number of parallelized assays on bicc(B® or 10
allowed extensive NRn vitro toxicity medium throughpuit
screening and thus could be used for evaluatindgtheisk:
associated with NPs. Here we have considered oolv- n
aggregated NPs, it would be interesting for futdegelopme.*
to look at the effects of NP clusters and evaltia¢g evoluti~ .
after interaction with bacteria or eukaryotic ceMP-biochips
may be relevant to study micro-organism and NPraut#ons in
parallel assays. This new format could help testenmmuw-
environmental impacts of NPs and perform nanoedcoddogy
?ccording to NP exposure.

The efficiency of this NP-biochip concept now neddsh:
evaluated. As a first example of assessment, EigsBows the
fluorescence intensity measurement of RFP bacteciabate {
for 2 days on spots of the bacterial NP-biochip tamring
increasing concentrations of Ti@natase NP. It suggests tha 1
reported membrane damages triggered by ¥i@re not harmfu,
enough to cause bacterial death in our experiréatconfirme |
in Fig. 5b that this anatase TAQIP is innocuous by measuri.y
the fluorescence intensity of RFP bacteria, inoeddor 2 day >
in standard wells containing 200 pL of TSB mediuma .
increasing concentration of the same anatase N2

In a second example of assessment, quantitatideese of the
innocuous nature of an anatase NP compared to the toxic
nature of a rutile can also be found in Fig. 5ce Flumber ¢
cells incubated on the eukaryotic cell NP-biochgntaining
increasing concentrations of the anatase or thke rGiO2 NP«
from Alfa Aesar was measured in duplicate experitsidn orde.
to describe these NPs, Transmission Electron Mooy
(TEM) images are shown in Fig. 5e. Toxic effecttlod rutile
TiO2 NP was confirmed (Fig. 5f) by staining the spdtthe chir
with the fluorescent LIVE/DEAD® Cell Viability Asses. After
8h incubation, half of the cells were dead, ags@amed by red
?3ining and half were alive, as ascertained bgmgstaining. C 2
the contrary, on non-toxic anatase TP spots, no red sigral
corresponding to dead cell was found (data not show
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Fig. 5 Validation of the performance of the NP-ltiic a. Fluorescence intensity measurement of RFP badtendoated for 2 da> -
on spots of the bacterial NP-biochip containingéasing concentrations of Ti@natase NP. This value was normalized t. * 2
intensity measured on spots containing no NP (noéah spots for no NP, 6 spots for 2 mg/L, 5 sgotss mg/mL, 6 spots for 29
mg/L, 2 spots for 100 mg/L). The signal was capdunsing a Chemidoc MP imager and quantified usmgdelLab softward).
Fluorescence intensity measurement of RFP badteridbated for 2 days in standard wells containiig gL of TSB medium fe-
comparison with experiment a. Bacteria density (d€81&/mL) was estimated by serial dilution cougtiBxperiments were realiz~d
in quadruplicatec. Numbers of cells incubated on the 16-HBE cell Nétbip containing increasing concentrations of aatase
TiO2 NP from Alfa Aesar (23 nm spheres, specific swefad ni/g) (blue bars) and a rutile TXOIP from Alfa Aesar (47x18x18r n
sticks, specific surface 452fg) (green bars); experiments were realized in idam. Standard deviations are indicated for
experiments a, b and c. The fluorescent data haga hormalized in respect to the fluorescence medsn the absence of NFs
d. Cell counting for panel c, is illustrated on omoitsby white circles drawn using ImageJ softwareuad Hoechst® labelcua
nucleus;e. TEM images of anatase (bottom) and rutile (topsNBed in c.f. LIVE/DEAD® Cell Viability Assays on a 16-hco —
cell NP-biochip containing 100 pg/mL of the toxidite TiO2 NP used in c. Viable cells (shown in green) anaddeells (shown ..
red) were detected using Fluorescence Microscopeif@495 nm/515 nm) and (ex/em 495 nm/635 nm) aetspely. Nucleus were
stained using Hoechst® 33342. Scale bars are: idQpand f), 50 nm (e).

The NP-biochip should now be adaptable to numebawserial NP-media (matrigel or culture media) interactiomijch could
strains. The configuration of the NP-biochip forctmmia is affect NP toxic effecté® “2 We hope that this device, allo’ .ing
convenient for testing physical, chemical, and g¢enethe investigation of NP-bacteria interactions, rhalp correi ‘te
alterations. For either NP-biochip we did not hareestigate the physical-chemical properties of engineered -TiOPs

This journal is © The Royal Society of Chemistry 2013 8
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according to their biological response and toxicltige next step
would be to undertake assays revealing cell respptm8IPs, in
order to complement data on cell death describatispaper.
Further studies are indeed underway to determiaénpact of
NPs on the expression of certain genes involvediram

metabolism and oxidant stress response. This ie thgnusing
constructs fusing the promoter of the genes ofréste to

fluorescent protein reporter gerfés4 NP-biochips would allow
evaluating ncRNA (non-coding regulating RNA) exsies

related to oxidative stress and iron homeostasielation to

RSC Advances

should now be conducted over longer periods of timigh
diluted concentrations of NPs (below 200 pd/Lin order to
reveal the interaction of nanomaterial with livisgstems and
their consequences, and to simulate the enviror:
concentrations most often found in nature. Our iprielary
experiments showed cell surviving up to three week:
eukaryotic NP-biochips, provided the feeding cudtoredium is
renewed, a process allowed by the biochip desidgris To
encouraging, but has to be optimized, to investightonic risk.
with low NP concentrations. From our results, ité unrealisti .

different TiO; NPs or other NPs. In addition, the bacterial NRe plan experiments with micro-organism-based Nétiip anc

biochip could be used to monitor biofilm formatiorrelation to
the NP arrangement, using confocal laser scanniogstopy,
which provides virtual optical sections with deptiectivity that
can reveal the topology and 3-dimensional orgaitiaaif cells
expressing fluorescent RFP.

On the eukaryotic cell NP-biochip, the matrigel®ncae
considered as mimicking the physiological extradal matrix
of tissues within the human body. We have testegt hiee
growth of pulmonary 16-HBE cell linesi.€ cell number
doubling per day), but intracellular responses. (iROS
production, cytokines quantification) of any adhereell type

monitor the kinetic of NP internalization. The fre@sater hydrz,
which is at the base of metazoan evolution, coddHhe firs:
micro-organism to be targeted. This invertebrate de" -
composed of two epithelial cell layers (an inned@herm and
an outer ectoderm facing the medium), simpler trentebrates
has been shown to be an amenable system to steidténactio 1
between NPs and organisris*®
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Conclusions

Over the last ten years, series of evaluations hayged define
plausible human risk posed by NP% 46, Coherence with
European policy regarding nanotoxicology emergedmfr
various collaborative research projects in whiah Itistitute for
Health and Consumer Protection (IHCP) is playinkes role

today. European Guidelines have been implementedder to

test in vitro TiOz2 NPs used
cytotoxicity 17 and chemical toxicity in the environmeéefitwere

investigated according to NP composition and sizel shown
to be cell-type dependent in eukaryotic cells ak asbacteria,
but complementary studies remain to be domeitro studies are
also needed to provide risk assessments in patkapbgy as
well as in environmental studies. In addition, ®#andardization
for NP safety evaluation requires multiple and eg¢pé toxicity
assays, using different cell types and differenpesinental
conditions. Thus, new devices, easy to implemedtvth good

performances, need to be elaborated for a largebaurof

manufactured N vitro testing.

Kahru and Dubourguief have stressed that nanosize materi
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