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1 Introduction

This reportis the last othe seven deliverabld final reportson the primary andphysicachemical
characterizatiorof the MN used in the EAHGnded NANOGENOTOX Joint action. The complete list
of final physicechemical characterization reports include

D4.1: Summary report on primary physiochemipebdperties of manufactured
nanomaterials used in NANOGENOTOX

D4.2: Transmission electron characterization of NANOGENOTOX nanomaterials and
comparison with and atomic force microscopy

D4.3: Crystallite size, mineralogical and chemical purity of NANOGENOTOX
nanomaterials

D4.4: Determination of specific surface area of NANOGENOTOX nanomaterials

D4.5: Surface charge, hydrodynamic size and size distributions by zetametry, dynamic
light scattering (DLS) and smaligle Xray scattering (SAXS) in optimum aqueous
suspensions for titanium and silicon dioxide

D4.6: Dustiness of NANOGENOTOX nanomaterials using the NRCWE small rotating drum
and the INRS Vortex shaker

D4.7: Hydrochemical reactivity, solubility, and biodurability of NANOGENOTOX
nanormaterials.

The deliveable 4.7 report presents the results from analysis of the NM hydrochemical reactivity,
solubility and inferred biodurability in theIANOGENOTOX5% BSA batch dispersion medium and
two syntheticbiologicalmedia relevanfor assessinghe NM behavior intte lunglining fluid (ow-Ca
Gambles solutionand theintestinal system (Caco 2 cell mediun@ll three media are relevant for

the toxicity testing in the NANOGENOTOX project and the general behavior of MN in biological (test)
systems.

Data on the hydrdeemical reactivity ofMN and their biodurability may be important to better
understand the biochemical reactivity of NPs and dissolution in contact with specific biofluids. We
may consider a number of reactions taking place when particles come in contacbiofluids. It

may cause e.g, changes in pH, adsorption of ions or biomolecules, dissolution, and electron loss or
gain, which can result in formation of ROS (reactive oxygen species). ROS are potentially generated
during particleliquid interaction ands often considereésone of the most important parameters of
hydrochemical reactivity (e.g., Dick et al., 2003; Xia et al., 2006).

Biodurability is another classical biological test. It was originally established to analyze the
degradation (dissolutionrate of asbestos, minerals and marade fibers in synthetic lurfiuids

(e.g., Forster and Tiesler, 1993; Christensen et al., 1994; Sebastian et al., 2002). Lately, the
development of biodurability testing has gained new interest with respect to astespdtential
residence time of particles in specific compartments of the respiratory, gastestinal or
intracellular locationas well as mechanistic questions as addressed al@tecinski et al., 2009;
Xinyuan et al., 2010; OsmoidcCloud et al., 2011Cho et al., 2011
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The system for determination of biodurability principally consisfsa dissolution vessel or
membrane chamber, where the analyses may be done in either static or anttyriguid flow
through setup. The temperature, atmosphere caitidns in the dissolution vessel are maintained by
the use of thermostats (3T) and continuous aftow of a specific atmosphere composition (usually
5% CQ@vl/v for lung lining fluids). The biodurability is then quantified by rdass determined by
collection on filters, usually combined with chemical analysis of the solute.
According totypical standardprotocols, the pH is to be maintained by daily manual acid/base
adjustments. Howevegs we show in this worlgH could vary significantly within shdnmne-frames,
which can lead to long periods during the test where the pH was far outside the target conditions for
e.g., lung lining fluids (pH = 7.4). Maintenance of proper pH conditions or at least its online
measurement is important for proper assessmarf the biodurability (dissolution/stability) and
behaviour of a particulate matter in the specific biological compartments.

Quantification of biodurability is usually done by weighing residual particles on a filter sample and/or
measurement of specificonstituent elements, which may be online. Howeverihie analysis oVIN
biodurability and metal leachindpoth particle penetration and loss from test volume laglsorption

to membranes might be a risk in case of testing nanoparticles in dynamietHftowgh systems.
Moreover, representative retrieval of MN from, at least small volume, dispersions, may be associated
with some difficulty.Hence, in the interest of improving the test procedures and our understanding
of the acute particlemedium (hydrochemial) reactions in aiways, as well as to ensure that the
experimental conditions and test materials are maintained in the test medium, asyss¢mcould
include two alternative paths such as:

1) Atier 1, latch dissolution tests of hydrochemical reactiwatyd solubility under external
environmentalcontrol mimickingn vitro toxicological test conditions.

2) Atier 2, drect atmosphere, Temperatureand pHcontrolled batch dissolution tests of
hydrochemical reactivity and solubility mimickitige conditionsin specific biological
compartments and the targebxicological test conditions.

Two such systems werealso considered for the test in NANOGENOTOKirst, for tier 2, we
attempted usinga home buildAtmosphereTemperaturepH-controlled Stirred batch Retor system
(ATempH SBRpreviously described ithe SOReport D43 (Jensen et al., 201). It has reached

proof of concept as part of joint support from ENPRA, HINAMOX, NANOGENOTOX and the Danish
NANOKEM project, which all had this aim as a minor gctiowever, the system hackrtain time
consuming development needs, including methods optimization for inline Dynamic Light Scattering
measurements, higihevel pH control, andmproved gas flowcontrol systems which has yet not

been fully resolvedfor al selected test conditionsA downside compared to the high level of
parametric control(atmosphere, temperature, pHh the ATempH SBRs thatthe procedure is
relatively slow(at least 24hour per sampleyvhen only one system is available.

Therefore,we focused on the tier trategy, testing the feasibility of using a commerciah&t pH

and Q Snsor Dish Reader (SDR)system, which can be used for testing several samples
simultaneouslyunder external environmental control. Rtests suggesteéeasbility with the system
and it has now been applied in NANOGENOa© W¥ell agzhe EU FP7 projesENPRA, NANODEVICE
and HINAMOX for testing the ur particle pH and Oreactivity and solubilityunder in vitro
exposure conditionsThese results from thestests also suggest proof of concept.

The SDR system enables contemporaneous measurement in 24 wells and therefore greater ability to
test several samples per run andéstablish a variety of data as function of dose and time. The test

5
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conditions usingthe SDR system are maintained by a-telubator and consequently directly
corresponds to the conditions @& givenin vitro exposure eventhere 37 C and 5% Cdor lung
conditions However, despite thgeneral applicabilitpf the SDR system, the meaabte pHrange is
only from pH 5 to 9. Therefore, lysosome agdstric systems cannot be studied using this
technology. The ©concentrations can be measurddom 0 to 250% @saturation (0 to 707.6
pmol/l). Due to the principle link between electron activand oxygen fugacity (e.g., Nordstém and
Munoz, 1994), the variation in,dnay correspond tovalues obtained by direct redox potential
measurement as used ithe ATempHSBRHowever, thesepotential links must be verified in the
future.

As a final outpy from the SDR studies, we repothe measured amount of solublé/N
(concentrations of dissolved elementsfter the 24-hour incubation in each of ththree incubation
media. For this, liquid samples were carefully extracted, filtered and centrifugedetn out
dispersed MNn the liquid sample. Quantification was done as a commercial service without further
acid treatment than stabilizationThe concentrations of dissolved elements give indication on the
durable fraction in the three media. However, tims project, this value can only be indicative as
high-precision analysis were not completed on J#dd SAS, and for MWCNT, the associated catalyst
particles are probably not good indicators for the durability of the MWCNT.

Appendix A describes the fudtotocol for running experiments with the SDR systé@iff-course the
applied SDR procedure is still in the virgin state, but the results have been found promising and the
procedure will be put forward for additional protocol development in the EU#Bjéct NANOREG
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2 Nanomaterials and information given by suppliers

The tested NANOGENOTOX materials include 6 titmsiad (Tig) products, 5 synthitc amorphous silica (SAS) products and 6 rwadtied carbon
nanotubes (MWCNT) (Table 2.1 NANOGENOTOnthetic Amorphous iica is described as SAS or,SiO

Table 2-1 Nanomaterials included in the NANOGENOTOX project and information given by suppliers.

Special notes

application

paper loadings, rubber, cosmetics, adhesives,

Particlesize

BET (fYg)

impurity / coating

NM-100 Dry-milled Anatase S ) 98.5 200-220 nm - -
low cost interior paints
NM-101 Anatase semiconductor catalyst for use in photocatalytic processes 91(99)* <10 nm >250 9%*
NM-102 Anatase photocatalytic 95 - 90 -
NM-103 hydrophobic Rutile . 89 20 nm 60 Al203 6%, siliconeDimethicone 2%
cosmetics (sun care, colour), pharma, food
NM-104 hydrophilic Rutile 90 20 nm 60 Al203 6% Dimethicone 2%
NM-105 rutile/anatase catalyss, heat stabilizer - 21 nm 50+/-15 -
NM-200 precipitated PRA-02 food, processing - 15 um 220 10 SiO2 1 H20, 2% soluble salts
NM-201 precipitated PRB-01 reinforcement, mechanical and optical properties and process - - 160 10 SiO2 1 H20, 1,5% solubléssa
NM-202 thermal PYABO3 inks, adhesives, cosmetics, relnfor_cement, powder process, food, 599.8 ) 170230 )
pharmaceuticals
NM-203 thermal PY¥YA-04 food, cosmetics pharma, reinforcement - 12 nm 200+/25 hydrates?
NM-204 Precipitated food - - 140 -

* calcination causes loss of 9 wt% and the residual is 99% pure
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application i CNT tube length BET (rfig) impurity / coating

o i . .
NM-400 ccvD MWCNT structural composite and energy applications - ~1.5 um long 250-300 10 wt% OXIdeSé;?ba;id with pyrogenic
NM-401 CCVD MWCNT structural composite and energy applications - 5-15 um long 40-300 ~2% amorph. carbon
NM-402 CCVD MWCNT structural composite and energy applications - 0.1-10 um long - <10 wt%
NM-403 CCVD MWCNT structural composite and energy applications - 1->10 um long - -
N%((%NE CVvD MWCNT energy / Liion battery >99.5 segments; % um long 24-28

- . 0, i i 0, q
NRCWE ccvD MWCNT structural composites etc. B 8-15 nm OD; 160 um 233 ca. 3.2 wt% C impurties/ < 1.5wt% af

007 long (Al, CI, S)
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3 Experimental procedures

3.1 Hydrochemical reactivity, solubility, and biodurability

The acute hydrochemical MN reactivity, solubility and biodurability was assessed in the 0.05% BSA
batch dispersion mgium, low/ I DI Yof SQa &RatodZtdll 2médium oy Rhouk y
incubation at 37C and 5%CfQair at 95% RHn a cell incubatarDispersions were prepareds
described in thegeneric NANOGENOTOMispersion protocolto mimic the treatment used for
toxicological studieg¢Jensen et al., 205

3.1.1 The Sensor Dish Reader (SDR) system

The hydrochemical reactivity was assessed regarding-besd reactivity and influence on the
oxygen balance using a recently developedwdl SDR (Sensor Disc Reader) systBraSens
Precision Sensing GmpHermany) intended for use for in vitro assays (Figure 3.1). Determination of
the acidbase reactivity is particularly important in cell media, where a buffer usually is applied to
ensure pH stability in the bioassay. Howeviera NM is particular reactive, this pH buffer may be
insufficient at sufficiently high NM doses. The r@activity may another important parameter and
relates to hydrochemical reactions that consume or liberate oxygen. Deviations in-theddce can

be caused by different reactions including redmactions, protonation and deprotonation in the
dispersion. These phenomena may be caused by -catalytic reactions, but also dissolution,
transformation of molecular speciation and precipitation in the mediurderinvestigation.

SETUP SENSORS

Software

OxoDish® 0D24 HydroDish® HD24 Well
Splitter Foaer

SupPly  SDR Basic Set c ¢

‘ : Sensor
7
SOR SensorDish Reader OxoDish® 0DB HydroDish® HDB
- S~ Filter
SDR Extension Set
SDR SensorDish® Reader - sg Excitation Emission
(up to 9 Extension Sets) 5 mL glass vial with Sensor spot SP-PSt5

sensor spot SP-PSt5

Figure 3.1. SDR Sensor Dish Reader, examples of sensor products and illustration of the SDR
measurement principle. In this study we used the 24-well Oxy- and HydroDish for O, and pH
monitoring, respectively. Source: PreSens Precision Sensing GmbH, Germany.
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The pH variation was measured using HiydroDish@uorescent sensor platéor pH detection with
up to + 0.05 pH resoluin for pH 5 to 9. Measurement is not possible outside of these ranges.
The Q variation was measured using ti@xoDish@luorescent sensor plat®r O, detection with + 2
% air saturation resolutianThe OxoDish®ensor can measure O2 concentrations betwed and
250% saturation, corresponding to 0 to 707.6 pmol/l.

In brief the fluorescent sensospotsare placed at the bottom afach ofthe wells inthe dishes. Fo

our study, we used 24 well plateShe sensor spot contains a luminescent dye. It istexdiy the
SensorDish® Readasing a laser diodglaced below the multidishThe diode is only actiwghen
analyses are doneand the sensorluminescence lifetime is detected through the transparent
bottom. The luminescence lifetime of the dyaries wih the oxygen partial pressure (OxoDish®) and
the pH of the sample (HydroDish®), respectivEhis signails converted to oxygen and pH values by
the instrument software The sensor plates are poalibrated and these calibration data are
uploaded and usetbr the specific plates used.

3.1.2 Experimental procedure

Samples were preparday prewetting all MN with 0.5% v/v ethanol and dispersion in 0.05% w/v BSA
water by probesonicationfollowing the generic NANOGENOT@ispersion protoco(Jensen et al.,
2011a). Chemically preanalyzed and approvedlanopure filtered waterwas used for the batch
dispersion to ensure minimum background contamination in the test.

Theincubationmedia included).5% BSAvater, lowCa Gambles solution and Caco 2 meditime

BSA water ws included in the study to assess the behavior of the MN in the batch dispersion
medium, which is the first stage in all the biological tests in NANOGENOTOX. The reactivity was
tested atdoses 0.32, 0.16, 0.08 and 0 mg/ml and a total volume of 2 ml waseghinto each well of

the SDR plates. Figure 3.2 illustrates the general procedure.

A: 1.750 ml medie + 250 pl batc
B: 1.875 ml medie + 125 pl batcl
C: 1.975 ml medie + 62.5 pl batgh

Batch suspension (batch) D: 2.000 ml medie
2.56mg/mlin 0.05% BSWater I

Figure 3.2: Principal sketch of the dosing into the SDR plates resulting in 2 ml test medium in each
well. In this way six dose-response measurements can be made in one test round.

After 24-hours incubation,the maximum dose and control media from the pH andwells were
retrieved by pipette, filteredhrough a 0.2 um CAMECA syringe filter aedtrifuged in Eppendorf
tubes for 60 minutes at 20,000xG RCF using a Ofet&ble top centrifugeMN samples were placed

in the outer ring and pure reference media in the inner ring. Hereafter, the upper 1.25 ml of each
filtrates from the pH and ©wells were sampled, pooled (2.5 ml) in Eppendorf tubes and stabilized
with 1 ml2% HN@water (sample diluted 5/7). The liquids were then stored in darkness until send
for analyses. All vials were washed and rinsed in acid before use.
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A detailed protocol is given in Appendix A.

3.1.3 Data treatment and evaluation

The reactivity of the indidual MN was evaluated qualitatively from the evolution of the pH and O
over time for each of théMN in each of the four dose levels, including the blank confitaé SDR pH
values were plotted directly as function of timéhe data were then evaluatedsually comparing the
SDR values of exposed wells with that of theenposed contronedia as welthe readings from the
initial medium readings in each of the wetls assesd# there would be any systematicfedet in some

of the sensors. Tik sensorevaluation was always done using the blank control as the assumed
correct internal reference value.

For the Q analyses, the difference between the tilNS & 2 f SR NBIF RAy3a FTNRY
and themediumcontrol (dQ = (Q gose§ Oz, medium conto)) WaSs plotted as function of time.

For both pH and ©if the SDR readings from the dosed media showed no difference or followed the
same trend as the reference media, the NM was assumed to have neglible pH reactivity or influence
on the oxygen balance thugh redox reactivity or dissolution.

3.1.4 Nanomaterial dissolution and biodurability

The MN dissolutionand biodurability was assessémm elemental analyses of the solugaljusted

for background concentrations in the three test mediih was assumed thathat maximum
dissolution would be observed at tfe32 mg/midose and that equilibrium was reached in 24 hours.
Consequently,if the elemental composition of the test materials is giveéhe results enable
calculation of thesolubility limitas well as thalurability (the undissolved residualpf the specific

MN in the batch dispersion, the lung lining fluid and the Caco2 mddowever, in this study, we

have only semiquantitative elemental composition data on the TiO2 and SAS. For MWCNT, the
results may b difficult to interpret due to he quantification is made on the associated catalyst
tracers, which may very likely behave differently than the MWCNT.

3.1.5 Elemental analysis

The concentrations of dissolvesielements in the media were analyzedingInducively Coupled
PlasmaOptical Emission Spectroscopy HTPS)Ti, Al, Fe, Co, and Ni were determined by ICP Mass
spectrometry(ICRPMS).Both element series were analysed as a commercial service by Eurofins, DK
6600 Vejen, DenmarkThe elemental backgroundoncentrations in the three test media was
determined on three doublet samplefor each mediaand the elemental concentrations after
dissolution were determined in twsub-sampledor each MN
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4 Results

4.1 Hydrochemical pH reactivity

Figures 4.1 to 4.16 sl the temporal pH evolution in each of the tested MNcubationsconsidering
the highest dose experiments compared to the reference (z#yse) No online data is available on
NM-403, where the SDR plates by mistake were placed wrongly on the readeestitts show that
most of the MN ha negligible to moderate influence on the gvolution in the three test medidf
there is a significant pH reaction, this normally occurs within the first few hddwsvever, it is
particularly roteworthy, that the temporal evolution followoverallgeneral trends depending on the
test medium

ThepH in the0.05% BSA water batch dispersion mediymicallyincreases from near or below the
pH 5lower detection limitto between pH 5 and 6 within the first houAddition & MN to the BSA
water appears generally to cause a small elevation in the pH as compared to the reference medium.

The Gambles solution medium has slightly basic pH values, typically starting between pH 8 and 9. In a
few cases, the pH even exceeds theQtpper detection limit of the SDR even from the beginning or
during the experiment (e.g., Figure 4.5b and 4.7b). This clearly demonstrates there may be a need to
perform accurate online pH control to avoid episodes with unrealistic biological simulatitesto
conditions. Moreover, the protocol should ensure that pH adjustment in this type of static
experiment without online pH control at least make proper pH adjustment in the initial step of the
test. This is clearly specified in the protocol in AppeAdix

The Cac@ cell medium normally has an initial pirbund 7.5 to 8 and the pH, except for a few cases,
normally drops slightly during the Zabur experimentIn the test with NM200 (Figure 4.7c), the pH
increases dramatically in all wells from ca.flzal hour to almost 2 hours. This was also seen for BSA
water and Gamble solution and suggests that a stop or lowering of thec@@rol may have
occurred. The notable increase at the last few hours of testing2Q®1 (Figure 4.9) may be due to
similar evets.

The known presence of organic coatings in -l08 and NM104 did not appear to affect the
temporal pH evolution notablyDue to the occasional presence of,8@) in the SAS samples, some
lowering of thepH could be expected for NH200, NM201, and NM202. Howeverthis was not
observed.For the MWCNT, the CNT should badtive towards pH as such, but presence of several
catalyst and processing impurities such as chlorides and sulfates, reported for NRCVgauld
affect pH as well as reaction withatalyst particles. However, only unsystematic potential affects
were observed as pH increases over a certain {imerval in e.g., NMAI00, NM401 in BSA water
and Caco 2 media, NMD2 inBSAwater and Gambles solution, and NRGWE in Caco2 medium.

As ageneral conclusion, it is found that the selected incubation media and the incubator atmosphere
are the primary controllers of the temporal pH evolution for these MN.
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NM-100_BSA water 0.32mg/ml —BSA water-0.32##1
—BSA water-0.00#1

BSA water0.32#2

8 - —BSA water-0.00#2

0.01 100
Time[hour]
9
NM-100_gambles 0.32mg/ml
8
a7
6 —Gamble's-0.32-#1
~—Gamble's-0.00#1
Gamble's-0.32-#2
Gamble's-0.00#2
5
0.01 0.1 1 10 100
Time[hour]
9
NM-100-CACO2_0.32mg/ml
8
T
a7
6 —Caco-2-0,32-#1
—Caco-2-0,00-#1
Caco-2-0,32-#2
Caco-2-0,00-#2
5
0.01 0.1 1 10 100

Time[hour]

Figure 4.1. pH-evolution during 24-hour incubation of NM-100 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco?2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.2. pH-evolution during 24-hour incubation of NM-101 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.3. pH-evolution during 24-hour incubation of NM-102 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle

concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.4. pH-evolution during 24-hour incubation of NM-103 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.5. pH-evolution during 24-hour incubation of NM-104 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.6. pH-evolution during 24-hour incubation of NM-105 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).
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Figure 4.7. pH-evolution during 24-hour incubation of NM-200 in a) 0.05% BSA water
NANOGENOTOX batch dispersion; b) Gambles solution; and c) Caco2 cell medium. The particle
concentrations in the Gambles solution and Caco2 cell medium were dosed from the batch dispersion
tested in a).

19

The NANOGENOTOX Join t Action is co -funded by the Executive Agency
for Health and Consumers (Grant Agreement n°2009 21 01) under
the European Union 2 " Health Programme.

WWW__.nanogenotox.eu

Co-funded by
the Health Programme
of the European Union



http://www.nanogenotox.eu/






















































































































