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1 Introduction 
This report is the last of the seven deliverable 4 final reports on the primary and physico-chemical 
characterization of the MN used in the EAHC-funded NANOGENOTOX Joint action. The complete list 
of final physico-chemical characterization reports include: 
 

D4.1: Summary report on primary physiochemical properties 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 small-angle X-ray 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 

nanomaterials. 

 
The deliverable 4.7 report presents the results from analysis of the NM hydrochemical reactivity, 
solubility and inferred biodurability in the NANOGENOTOX 0.5% BSA batch dispersion medium and 
two synthetic biological media relevant for assessing the NM behavior in the lung-lining fluid (low-Ca 
Gambles solution) and the intestinal system (Caco 2 cell medium). All 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 hydrochemical reactivity of MN 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 contact with biofluids. 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 particle-liquid interaction and is often considered as one 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 (dissolution) rate of asbestos, minerals and man-made fibers in synthetic lung-fluids 
(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 assess the potential 
residence time of particles in specific compartments of the respiratory, gastro-intestinal or 
intracellular location as well as mechanistic questions as addressed above (Wiecinski et al., 2009; 
Xinyuan et al., 2010; Osmond-McCloud et al., 2011; Cho et al., 2011).  
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The system for determination of biodurability principally consists of a dissolution vessel or 
membrane chamber, where the analyses may be done in either static or a dynamic liquid flow-
through set-up. The temperature, atmosphere conditions in the dissolution vessel are maintained by 

the use of thermostats (37̄C) and continuous air-flow of a specific atmosphere composition (usually 
5% CO2 v/v for lung lining fluids). The biodurability is then quantified by mass-loss determined by 
collection on filters, usually combined with chemical analysis of the solute.  
According to typical standard protocols, the pH is to be maintained by daily manual acid/base 
adjustments. However, as we show in this work, pH could vary significantly within short time-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 assessment of 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 specific constituent elements, which may be online. However, in the analysis of MN 
biodurability and metal leaching, both particle penetration and loss from test volume by adsorption 
to membranes might be a risk in case of testing nanoparticles in dynamic flow-through 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 particle-medium (hydrochemical) reactions in air-ways, as well as to ensure that the 
experimental conditions and test materials are maintained in the test medium, a test-system could 
include two alternative paths such as: 
 

1) A tier 1, batch dissolution tests of hydrochemical reactivity and solubility under external 
environmental control mimicking in vitro toxicological test conditions. 

2) A tier 2, direct atmosphere-, Temperature- and pH-controlled batch dissolution tests of 
hydrochemical reactivity and solubility mimicking the conditions in specific biological 
compartments and the target toxicological test conditions. 

 
Two such systems were also considered for the tests in NANOGENOTOX. First, for tier 2, we 
attempted using a home build Atmosphere-Temperature-pH-controlled Stirred batch Reactor system 
(ATempH SBR), previously described in the SOP-report D4.3 (Jensen et al., 2011b). 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 activity. However, the system had certain time-
consuming development needs, including methods optimization for inline Dynamic Light Scattering 
measurements, high-level pH control, and improved gas flow-control systems, which has yet not 
been fully resolved for all selected test conditions. A downside compared to the high level of 
parametric control (atmosphere, temperature, pH) in the ATempH SBR, is that the procedure is 
relatively slow (at least 24-hour per sample) when only one system is available.  
 
Therefore, we focused on the tier 1 strategy, testing the feasibility of using a commercial 24-well pH 
and O2 Sensor Dish Reader (SDR) system, which can be used for testing several samples 
simultaneously under external environmental control. Pre-tests suggested feasibility with the system 
and it has now been applied in NANOGENOTOX as well as the EU FP7 projects ENPRA, NANODEVICE 
and HINAMOX for testing the 24-hour particle pH and O2 reactivity and solubility under in vitro 
exposure conditions. These results from these tests also suggest proof of concept. 
 
The SDR system enables contemporaneous measurement in 24 wells and therefore greater ability to 
test several samples per run and to establish a variety of data as function of dose and time. The test 

http://www.nanogenotox.eu/
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conditions using the SDR system are maintained by a cell-incubator and consequently directly 

corresponds to the conditions of a given in vitro exposure event (here 37̄ C and 5% CO2 for lung 
conditions. However, despite the general applicability of the SDR system, the measurable pH-range is 
only from pH 5 to 9. Therefore, lysosome and gastric systems cannot be studied using this 
technology. The O2 concentrations can be measured from 0 to 250% O2 saturation (0 to 707.6 
µmol/l). Due to the principle link between electron activity and oxygen fugacity (e.g., Nordstöm and 
Munoz, 1994), the variation in O2 may correspond to values obtained by direct redox potential 
measurement as used in the ATempH-SBR. However, these potential links must be verified in the 
future. 
 
As a final output, from the SDR studies, we report the measured amount of soluble MN 
(concentrations of dissolved elements) after the 24-hour incubation in each of the three incubation 
media. For this, liquid samples were carefully extracted, filtered and centrifuged to clean out 
dispersed MN in the liquid sample. Quantification was done as a commercial service without further 
acid treatment than stabilization. The concentrations of dissolved elements give indication on the 
durable fraction in the three media. However, in this project, this value can only be indicative as 
high-precision analysis were not completed on TiO2 and SAS, and for MWCNT, the associated catalyst 
particles are probably not good indicators for the durability of the MWCNT. 
 
Appendix A describes the full protocol for running experiments with the SDR system. Off-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 FP7-project NANoREG. 

http://www.nanogenotox.eu/
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2 Nanomaterials and information given by suppliers 
The tested NANOGENOTOX materials include 6 titania-based (TiO2) products, 5 synthetic amorphous silica (SAS) products and 6 multi-walled carbon 
nanotubes (MWCNT) (Table 2.1).  In NANOGENOTOX, Synthetic Amorphous Silica is described as SAS or SiO2. 
 

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

Code Special notes Phase application Purity 
wt% 

Particle size BET (m2/g) impurity / coating 

NM-100 Dry-milled Anatase 
paper loadings, rubber, cosmetics, adhesives, 

low cost interior paints 
98.5 200-220 nm - - 

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 
cosmetics (sun care, colour), pharma, food 

89 20 nm 60 Al2O3 6%,  silicone - Dimethicone 2% 

NM-104 hydrophilic Rutile 90 20 nm 60 Al2O3 6% - Dimethicone 2% 

NM-105  rutile/anatase catalysis, heat stabilizer - 21 nm 50+/-15 - 

NM-200 precipitated PR-A-02 food, processing - 15 um 220 10 SiO2 1 H2O, 2% soluble salts 

NM-201 precipitated PR-B-01 reinforcement, mechanical and optical properties and process - - 160 10 SiO2 1 H2O, 1,5% soluble salts 

NM-202 thermal PY-AB-03 
inks, adhesives, cosmetics, reinforcement, powder process, food, 

pharmaceuticals 
>99,8 - 170-230 - 

NM-203 thermal PY-A-04 food, cosmetics pharma, reinforcement - 12 nm 200+/-25 hydrates? 

NM-204 Precipitated  food - - 140 - 

Continued on next page 
* calcination causes loss of 9 wt% and the residual is 99% pure

http://www.nanogenotox.eu/
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Code Special notes  Phase application Purity 
wt% 

CNT tube length BET (m2/g) impurity / coating 

NM-400 CCVD MWCNT structural composite and energy applications - ~1.5 um long 250-300 
10 wt% oxides/coated with pyrogenic 

carbon 

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 µm long - - 

NRCWE-
006 

 CVD MWCNT energy / Li-ion battery  >99.5 segments; 3-5 um long  24-28   

NRCWE-
007 

 CCVD MWCNT   structural composites etc.  - 
8-15 nm OD; 10-50 um 

long 
233 

ca. 3.2 wt% C impurties/ < 1.5wt% ash 
(Al, Cl, 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 medium, low-/ŀ DŀƳōƭŜΩǎ ǎƻƭǳǘƛƻƴΣ ŀƴŘ ƛƴ Caco 2 cell medium by 24-hour 

incubation at 37̄C and 5%CO2 air at 95% RH in a cell incubator. Dispersions were prepared as 
described in the generic NANOGENOTOX dispersion protocol to mimic the treatment used for 
toxicological studies (Jensen et al., 2011a). 
 

3.1.1 The Sensor Dish Reader (SDR) system 

The hydrochemical reactivity was assessed regarding acid-base reactivity and influence on the 
oxygen balance using a recently developed 24-well SDR (Sensor Disc Reader) system (PreSens 
Precision Sensing GmbH, Germany) intended for use for in vitro assays (Figure 3.1). Determination of 
the acid-base reactivity is particularly important in cell media, where a buffer usually is applied to 
ensure pH stability in the bioassay. However, if a NM is particular reactive, this pH buffer may be 
insufficient at sufficiently high NM doses. The O2 reactivity may another important parameter and 
relates to hydrochemical reactions that consume or liberate oxygen. Deviations in the O2-balance can 
be caused by different reactions including redox-reactions, 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 medium under investigation. 
 
 

   
 

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 O2 and pH 
monitoring, respectively. Source: PreSens Precision Sensing GmbH, Germany. 
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The pH variation was measured using the HydroDish® fluorescent sensor plate for pH detection with 
up to ± 0.05 pH resolution for pH 5 to 9. Measurement is not possible outside of these ranges.  
The O2 variation was measured using the OxoDish® fluorescent sensor plate for O2 detection with ± 2 
% air saturation resolution. The OxoDish® sensor can measure O2 concentrations between 0 and 
250% saturation, corresponding to 0 to 707.6 µmol/l. 
 
In brief the fluorescent sensors spots are placed at the bottom of each of the wells in the dishes. For 
our study, we used 24 well plates. The sensor spot contains a luminescent dye. It is excited by the 
SensorDish® Reader using a laser diode, placed below the multidish. The diode is only active when 
analyses are done, and the sensor luminescence lifetime is detected through the transparent 
bottom. The luminescence lifetime of the dye varies with the oxygen partial pressure (OxoDish®) and 
the pH of the sample (HydroDish®), respectively. This signal is converted to oxygen and pH values by 
the instrument software. The sensor plates are pre-calibrated and these calibration data are 
uploaded and used for the specific plates used. 
 

3.1.2 Experimental procedure 

Samples were prepared by prewetting all MN with 0.5% v/v ethanol and dispersion in 0.05% w/v BSA 
water by probe-sonication following the generic NANOGENOTOX dispersion protocol (Jensen et al., 
2011a). Chemically pre-analyzed and approved Nanopure filtered water was used for the batch 
dispersion to ensure minimum background contamination in the test. 
 
The incubation media included 0.5% BSA-water, low-Ca Gambles solution and Caco 2 medium. The 
BSA water was 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 at doses 0.32, 0.16, 0.08 and 0 mg/ml and a total volume of 2 ml was entered into each well of 
the SDR plates. Figure 3.2 illustrates the general procedure. 
 

Batch suspension (batch)
2.56 mg/ml in 0.05% BSA water

15 ml A
B

C
D

1 2 3 4 5 6

A: 1.750 ml medie + 250 µl batch
B: 1.875 ml medie + 125 µl batch
C: 1.975 ml medie + 62.5 µl batch
D: 2.000  ml medie

 

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 and O2 wells were 
retrieved by pipette, filtered through a 0.2 µm CAMECA syringe filter and centrifuged in Eppendorf 
tubes for 60 minutes at 20,000xG RCF using a Ole Dich table top centrifuge. MN 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 O2 wells were sampled, pooled (2.5 ml) in Eppendorf tubes and stabilized 
with 1 ml 2% HNO3 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 individual MN was evaluated qualitatively from the evolution of the pH and O2 
over time for each of the MN in each of the four dose levels, including the blank control. The SDR pH-
values were plotted directly as function of time. The data were then evaluated visually comparing the 
SDR values of exposed wells with that of the un-exposed control media as well the readings from the 
initial medium readings in each of the wells to assess if there would be any systematic off-set in some 
of the sensors. This sensor-evaluation was always done using the blank control as the assumed 
correct internal reference value. 
 
For the O2 analyses, the difference between the time-ǊŜǎƻƭǾŜŘ ǊŜŀŘƛƴƎǎ ŦǊƻƳ ǘƘŜ έŜȄǇƻǎǳǊŜ ŘƻǎŜǎέ 
and the medium control (dO2 = (O2,dose ς O2,medium contol)) was plotted as function of time.  
 
For both pH and O2, 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 through redox reactivity or dissolution. 
 

3.1.4 Nanomaterial dissolution and biodurability 

The MN dissolution and biodurability was assessed from elemental analyses of the solute adjusted 
for background concentrations in the three test media. It was assumed that that maximum 
dissolution would be observed at the 0.32 mg/ml dose and that equilibrium was reached in 24 hours. 
Consequently, if the elemental composition of the test materials is given, the results enable 
calculation of the solubility limit as well as the durability (the un-dissolved residual) of the specific 
MN in the batch dispersion, the lung lining fluid and the Caco2 media. However, in this study, we 
have only semiquantitative elemental composition data on the TiO2 and SAS. For MWCNT, the 
results may be difficult to interpret due to the 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 dissolved Si elements in the media were analyzed using Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP-OES). Ti, Al, Fe, Co, and Ni were determined by ICP Mass-
spectrometry (ICP-MS). Both element series were analysed as a commercial service by Eurofins, DK-
6600 Vejen, Denmark. The elemental background concentrations in the three test media was 
determined on three doublet samples for each media and the elemental concentrations after 
dissolution were determined in two sub-samples for each MN.  
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Grant Agreement n° 2009 21 01 
 

12 
 
 

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 nd Health Programme.  

www .nanogenotox.eu  

12 

4 Results  
 

4.1 Hydrochemical pH reactivity 
Figures 4.1 to 4.16 show the temporal pH evolution in each of the tested MN incubations considering 
the highest dose experiments compared to the reference (zero-dose). No online data is available on 
NM-403, where the SDR plates by mistake were placed wrongly on the reader. The results show that 
most of the MN has negligible to moderate influence on the pH-evolution in the three test media. If 
there is a significant pH reaction, this normally occurs within the first few hours. However, it is 
particularly noteworthy, that the temporal evolution follow overall general trends depending on the 
test medium.  
 
The pH in the 0.05% BSA water batch dispersion medium typically increases from near or below the 
pH 5 lower detection limit to between pH 5 and 6 within the first hour. Addition of 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 the pH 9 upper 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 simulation or test 
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 Appendix A. 
 
The Caco 2 cell medium normally has an initial pH around 7.5 to 8 and the pH, except for a few cases, 
normally drops slightly during the 24-hour experiment. In the test with NM-200 (Figure 4.7c), the pH 
increases dramatically in all wells from ca. half an hour to almost 2 hours. This was also seen for BSA 
water and Gamble solution and suggests that a stop or lowering of the CO2 control may have 
occurred. The notable increase at the last few hours of testing NM-202 (Figure 4.9) may be due to 
similar events. 
 
The known presence of organic coatings in NM-103 and NM-104 did not appear to affect the 
temporal pH evolution notably. Due to the occasional presence of Na2SO4 in the SAS samples, some 
lowering of the pH could be expected for NM-200, NM-201, and NM-202. However, this was not 
observed. For the MWCNT, the CNT should be in-active towards pH as such, but presence of several 
catalyst and processing impurities such as chlorides and sulfates, reported for NRCWE-007 could 
affect pH as well as reaction with catalyst particles. However, only unsystematic potential affects 
were observed as pH increases over a certain time-interval in e.g., NM-400, NM-401 in BSA water 
and Caco 2 media, NM-402 in BSA-water and Gambles solution, and NRCWE-007 in Caco2 medium. 
 
As a general 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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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) 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 4.2. 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). 

 

http://www.nanogenotox.eu/


 
   

Grant Agreement n° 2009 21 01 
 

17 
 
 

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 nd Health Programme.  

www .nanogenotox.eu  

17 

 

 

 

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). 
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