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Dispersion and Retention of Dusts Consisting of  
Ultrafine Primary Particles in Lungs 
 
Abstract 
 
This project aimed at studying the dispersion and retention behavior of dusts consist-
ing of nanoscaled primary particles. Toxicological studies have demonstrated that the 
effects observed for nanoscaled particles are better correlated to the particle surface 
or particle number than to the administered mass doses. The toxicokinetic fate of 
nanoscaled particles and the potential effects induced after deposition in lungs are 
predominantly determined by the agglomeration status. Sytemic particle effects, i.e. 
effects on the remote organs, in addition to those on the target organ respiratory tract 
are conceivable only for particles with a nanoscaled aspect. 
In this study various types of nanoscaled particles, i.e titanium dioxide, carbon black, 
constantan and zinc oxide were dispersed in physiologically compatible media or 
generated as aerosols with well-defined characteristics. For aqueous nanoparticle 
suspensions, the hydrodynamic mean diameter and the ζ potential were determined, 
for aerosols the particle number or mass concentrations and the mass median aero-
dynamic diameter (MMAD). For aqueous formulation of nanoparticles, phosphate 
buffer, sometimes including auxiliaries such as bovine serum albumin (BSA) or 
Tween® 80 (non-ionic surfactant), was used. 
 
In an in vitro approach selected human bronchial and alveolar epithelial cell lines as 
well as fibroblasts grown on membranes were exposed from the apical side to the 
different particle types. After 1 hour the particles were detected by TEM technique in 
particular on the cellular surface whereas after 24 hours they were predominantly 
located in the cytoplasm.  
 
In an in vivo approach rats were exposed to aqueous dispersions (administered by 
intratracheal instillation) or nanoparticle aerosols (inhalation) and alterations in the 
particle size distribution were studied using transmission electron microscopy (TEM) 
as well as the bronchoalveolar lavage (BAL) technique. Exemplarily, in BAL fluid after 
instillation, TiO2 P25 increased in agglomerate size whereas TiO2 T805 did not show 
a change as compared to the stock suspension. 
As an additional endpoint, the chemical analysis of toxicokinetics was included to 
trace the fate of Eu2O3 particles following inhalative deposition in lungs. Only small 
Eu2O3 amounts were detected in remote organs. 
Based on the results in various approaches, a tendency of nanoscaled particles to 
form larger size agglomerates following deposition and interaction with cells (in vitro) 
or the respiratory tract (in vivo) is predominant. The contrary trend, i.e. the increase 
of particle number due to a disintegration of agglomerates seems not to be of high 
relevance.    
 
Key words: 
 
Ultrafine primary particles, nanoparticles, dispersion, retention, lungs, particle charac-
terisation, titanium dioxide, constantan, carbon black, amorphous silica, zinc oxide, 
europium oxide  
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Dispersion und Retention von Stäuben mit ultra-
feinen Primärpartikeln in der Lunge 
 
Kurzreferat 
 
In dieser Studie wurden die Dispersion und das Retentionsverhalten von Stäuben 
untersucht, die aus nanoskaligen Primärpartikeln bestehen. Toxikologische Studien 
haben gezeigt, dass die durch nanoskalige Partikel induzierten Effekte besser mit der 
Partikeloberfläche oder -anzahl korrelieren als mit der applizierten Partikelmasse. 
Das toxikokinetische Verhalten nanoskaliger Partikel und die nach Deposition in der 
Lunge induzierten Effekte werden in erster Linie durch den Agglomerationsstatus 
bestimmt. Systemische Partikeleffekte, d. h. Effekte auf andere Organe oder Gewebe 
als den Respirationstrakt, sind nur für nanoskalige Partikel vorstellbar. 
In dieser Studie wurden verschiedene Typen nanoskaliger Partikel, d. h. Titandioxid, 
Testruß, Konstantan und Zinkoxid unter gut definierten Bedingungen in physiologisch 
kompatiblen Medien dispergiert oder als Aerosole generiert. Bei wässrigen Nanopar-
tikelsuspensionen wurden der hydrodynamische mittlere Durchmesser und das  
ζ-Potential bestimmt, bei Aerosolen die Partikelanzahl oder -massenkonzentration 
und der Partikelmassenmedian des aerodynamischen Durchmessers (MMAD). Für 
wässrige Formulierungen von Nanopartikeln wurde Phosphatpuffer, manchmal in 
Verbindung mit Hilfsstoffen wie Rinderserumalbumin (BSA) oder Tween® 80 (nicht-
ionischer Surfactant) eingesetzt.  
 
In einem In-vitro-Ansatz wurden ausgewählte humane Bronchial- und Alveolarepithe-
lialzellinien wie auch Fibroblasten (gewachsen auf Membranen) von der apikalen Sei-
te her verschiedenen Partikeltypen exponiert. Nach 1 Stunde wurden die Partikel mit 
dem TEM besonders auf der Zelloberfläche detektiert, während sie nach 24 Stunden 
vor allem im Zytoplasma lokalisiert waren. 
 
In einem In-vivo-Ansatz wurden Ratten gegenüber wässrigen Dispersionen (appliziert 
durch intratracheale Instillation) oder Nanopartikelaerosolen (Inhalation) exponiert 
und die Veränderungen in der Partikelgrößenverteilung mit dem TEM sowie mit der 
bronchoalveolären Lavage (BAL) untersucht. Beispielsweise zeigte TiO2 P25 in der 
BAL-Flüssigkeit nach instillativer Applikation einen Anstieg der Agglomeratgröße 
während TiO2 T805 diese Veränderung im Vergleich zur Stammsuspension nicht 
zeigte. 
Als zusätzlicher Endpunkt erfolgte eine chemische Analyse zur Toxikokinetik, um das 
Verhalten von Eu2O3-Partikel nach Deposition in der Lunge zu verfolgen. Nur geringe 
Eu2O3-Mengen wurden in anderen Organen als der Lunge gefunden. 
Auf der Basis der Ergebnisse verschiedener Versuchsansätze wurde gefunden, dass 
nanoskalige Partikel nach Deposition und Wechselwirkung mit Zellen (in vitro) oder 
dem Respirationstrakt (in vivo) vorherrschend eine Tendenz zur Bildung größerer 
Agglomerate zeigen. Die gegensätzliche Tendenz, d. h. ein Anstieg der Partikelan-
zahl durch Agglomeratzerfall, scheint von geringerer Relevanz zu sein. 
 
Schlagwörter: 
 
Ultrafeine Primärpartikel, Nanopartikel, Dispersion, Retention, Lungen, Partikelcha-
rakterisierung, Titandioxid, Konstantan, Carbon black, amorphes Siliziumdioxid, 
Zinkoxid, Europiumoxid 
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1 Introduction 
 
1.1 Toxicity of Fine Particles versus Ultrafine Particles 
 
The toxic effects of fine (microscaled) and ultrafine (nanoscaled) particulate aerosols 
following inhalative uptake in the respiratory tract have been investigated intensely. 
Animal experiments in rodents have demonstrated that exposure of lungs to respir-
able particles can lead to the induction of inflammatory reactions, fibrosis and the 
development of lung tumours, in particular in the rat model. The same effects have 
been as well observed in comprehensive epidemiological studies in various industrial 
sectors (i.e. in cohorts exposed to aerosols in mining industries and in particle pro-
duction processes or to engine exhausts). The findings in rodents after inhalation 
have been confirmed in parallel studies using the intratracheal instillation technique 
to administer particle suspensions. There were indications already in the nineties that 
the particle surface is one important factor in determining the carcinogenic potential 
of particles (OBERDÖRSTER et al., 2005; DUFFIN et al., 2007). There is agreement 
that nanoscaled particles or aggregates/agglomerates consisting of nanoscaled pri-
mary particles exhibit a higher toxic potential than microscaled particles of the same 
chemistry. Therefore, nanoscaled particles have not been classified according to the 
General Threshold Limit Value ("Allgemeiner Staubgrenzwert") in Germany. The bio-
logical activity of nanoparticles correlates better with the specific surface or number 
dose than with the mass dose. 
 
 
1.2 Background 
 
In nanoparticulate bulk materials the nanoparticles are usually present as clusters of 
aggregates and/or agglomerates (Fig. 1.1). While primary nanoparticles within ag-
gregates are bound by strong chemical bonds (i.e., covalent or ionic bonds), binding 
between agglomerates is caused by van der Waals forces, which are less stronger. A 
well-characterised example is TiO2 P25 consisting of aggregates that are formed by 
sintering during the thermal production process. Therefore, the minimum size for TiO2 
P25 agglomerates upon dispersion is limited to 90-100 nm. Smaller hydrodynamic 
diameters can merely be achieved albeit applying strong mechanical forces (MAY-
NARD, 2002). 
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Primary nanoparticle 

Agglomerates of NP (held by weak van der 
Waals forces between particles) 

Aggregates of NP (held by strong 
bonds between particles) 

Agglomerated aggregates (held by strong 
bonds between aggregates and weak bonds 
between agglomerates) 

Fig. 1.1 Aggregation and agglomeration of nanoparticles 
 
 
NP may be suspended 
• in liquids  

o in vitro for the investigation of physicochemical parameters, interaction 
with components of the liquid (e.g., salts, proteins, phospholipids) or 
biological materials (e.g. toxic effects on cells), or 

o in vivo following the deposition of aerosols in the respiratory tract and, 
thereby, coming in contact with the liquid layer in the airways (espe-
cially, the surfactant layer in the alveoles of the lung); 

• in air (aerosols) 
o by dispersion of commercially available dry powder, the aggregation 

status being affected by the method and efficiency of dispersion, or 
o as freshly produced particles produced by dispersion of suitable materi-

als under controlled experimental conditions, thus enabling to modify 
the size and aggregation of the particles, or 

o as mixed nanoparticle/buffer substance "particle". These mixed parti-
cles occur following nebulisation of a nanoscaled particle suspension 
after evaporation of the droplets. These mixed particles enhance the 
probability to obtain a real nanoscaled re-dispersion after deposition on 
the lung lining fluid. 

 
In each case, the agglomeration or de-agglomeration of NP will be affected by the 
conditions of exposure and this, in turn, will affect the interactions with and the effects 
on the biological system. 
 
Aim of the Project: 
• study of agglomerates of nanoparticles following uptake in the respiratory tract 

with respect to disintegration into primary particles, 
• identification of cell types responsible for uptake of these particles, 
• systemic availability of nanoparticles from deposited agglomerates. 
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Studies: 
• in vitro identification of nanomaterials with suitable agglomerate size and  
• inhalation and intratracheal exposure of animals to agglomerates of various 

defined sizes to study their further behaviour after prolonged time (> t½ clear-
ance) 

• focus on agglomerates, not aggregates. 
 
 
1.3 Generation, Behaviour and Stability of Nanoparticles and 

Fate after Uptake in Lungs 
 
Aerosols of nanoparticles 
Aerosols really existing of airborne nanoparticles can be produced in very small mass 
but high number concentrations using a spark generator. For certain time periods 
(minutes) these nanoaerosols are stable, however, an ageing process is starting re-
sulting in an increase of the agglomerate size. This experimental set-up of fresh par-
ticle generation together with ageing allows to expose the respiratory tract of animals 
to nanoscaled aerosols of a well defined size. The approach is often used in the ba-
sic research field to deposit analytical (not toxicologically relevant) masses of 
nanoparticles in lungs and to analyse the toxicokinetic behaviour of those nanoparti-
cles. 
In contrary, aerosols generated by dispersion of nanoscaled bulk powders using 
pressurised air principally result in microscaled nanoparticle agglomerates the depo-
sition of which is identical to that known for fine particles of the same size. The depo-
sition of agglomerates is simply determined by the actual mass median aerodynamic 
diameters (MMAD) and the agglomerate density in the given experiment. 
However, after deposition in the respiratory tract, those agglomerates may disinte-
grate and release partially nanoparticles. If this happens this may have a high impact 
on the potential toxic effects in the respiratory tract and a systemic effect after trans-
location of nanoparticles.  
 
Suspension of nanoparticles in aqueous systems  
The dispersion status of nanoparticles in aqueous media principally depends on the 
surface properties of the given nanoparticle (e.g. hydrophilic particles are better dis-
persable than hydrophobic ones). However, the dispersion of particles with hydro-
phobic surface can be highly improved by additives such as polyalcohols (e.g. 
TWEEN 90®). Sticky nanoparticles with hydrophilic surface can be dispersed more 
effectively by addition of proteins (e.g. bovine serum albumin - BSA). BSA is able to 
stabilise nanoparticle suspensions by a steric effect of the protein. 
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2 Literature Search 
 
As a basis for the project in a first step information from relevant primary literature on 
agglomeration/ deagglomeration of nanosized particles was obtained and evaluated. 
 
A search in MEDLINE was performed with the following search terms and conditions: 

 
 
762 hits were obtained, most of them after adding the terms "in vitro" and "in vivo". 
Further selection of studies with probable or possible relevance for this project 
(based on title or abstract) gave 54 studies; some of them were already identified in 
previous searches (see Interim Report of December 2009 and application of project 
November 2008). 
Finally, only studies with manufactured nanoparticles (NP in a strict sense of the 
definition of nanoparticles) were evaluated, not those with ultrafine particles formed 
as by-products in other (e.g. diesel particulate matter). Only studies with spheric NP, 
not with nanotubes (e.g. MCNT or SWCNT) or dendrimers etc. were included. The 
evaluation and overview focussed on studies that were primarily conducted to char-
acterise the aggregation/agglomeration behaviour of NP, not on toxicity studies. 
Only one in vivo study was identified which explicitly addressed the question − using 
two commercially available products of identical chemical composition − whether the 
size of the primary nanoparticles or the agglomerates seems more important in the 
inhalation toxicokinetics of nanoparticles (PAULUHN, 2009). The study is described 
in Appendix I (section 6.1.2). 
 
 
2.1 Nanoparticles in Liquids 
 
A number of in vitro studies with different nanoparticles have been published in which 
the effects of the following parameters on the dispersion, surface properties, and the 
agglomeration and de-agglomeration of nanoparticles were studied: 
• ultrasonication, 
• ionic strength and pH of aqueous solutions, physiological buffers, cell culture 

media, 
• dispersion aids, both synthetic, e.g. Tween and DPPC, and from biological 

sources: proteins (especially albumin), serum, and lung surfactant. 
 
The following chapter presents a brief summarizing overview of the methods applied 
and the results and conclusions that can be drawn from these studies. For details of 
each study and results for different nanoparticles materials, the reader is referred to 
Appendix I. 
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2.1.1 Particle Characterisation 
 
The aggregation and agglomeration of insoluble particles in biological fluids is an im-
portant issue in in vivo and in vitro toxicity studies. Such dispersions need to be char-
acterized with respect to the size and size distribution of the particles, the stability of 
the dispersions and the effects of various methods and additives on these parame-
ters. 
An indicator for the tendency of particles in fluids to agglomerate is the zeta (ζ) poten-
tial: The zeta potential is the electric potential difference between the dispersion me-
dium and the stationary fluid layer surrounding the dispersed particle (Fig. 1.1), in-
cluding the conceptual "sliding surface". As this electric potential decreases towards 
zero, particles tend to agglomerate due to van der Waals forces overcoming electro-
static repulsion. On the other hand, higher zeta potentials will cause colloidal systems 
to remain stable and dispersed. However, the stability of dispersions in biological flu-
ids is also determined by other, steric effects due to adsorption of proteins or other, 
surface-active substances. These effects have been investigated in several publica-
tions. 
 
  

 
 
Fig. 2.1 Double layer and surface charges surrounding a nanoparticle suspended  

in electrolyte containing medium1 
 
For the determination of the average size and size distribution of the dispersed parti-
cles and hence, by comparison with the size of individual nanoparticles, for an as-
sessment of the agglomeration/aggregation of the dispersed particles, different 
methods are available. The size and aggregation of nanoparticles prior to dispersion 
can be determined by TEM or SEM. The most widely applied method for the size de-
termination of dispersed nanoparticles is dynamic light scattering (DLS) in the corre-
sponding medium. However, this method may have limitations, at least in protein-
containing media, to detect small nanoparticles and may be biased towards large 
particles. A comparison of different methods showed that analytical ultracentrifuga-
tion (AUC) may be the most reliable commonly available method to detect the pres-

                                                 
1 www.symphotic.com/images/ZetaPotentialDiagram.gif 

http://www.symphotic.com/images/ZetaPotentialDiagram.gif
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ence of small-scale nanoparticles, although this method has limitations regarding the 
quantification of particles (MEIßNER et al., 2009; SCHULZE et al., 2009). 
 
2.1.2 Ultrasonication 
 
Ultrasonication of the test material has been a standard procedure to disperse poorly 
soluble or insoluble chemicals in biological fluids, and it is also commonly used in 
studies with dispersed nanomaterials (most of the studies of NP described in Appen-
dix I included an initial sonication step in the preparation of the dispersions). The en-
ergy provided by ultrasound to form evacuated cavities can be capable to overcome 
the van der Waals forces between nanoparticles agglomerates, but is not strong 
enough to break up the stronger covalent or ionic chemical bonds of aggregates. Ul-
trasonication has therefore been proposed and applied as a method to determine and 
distinguish between agglomeration and aggregation of dispersed nanoparticles  
(JIANG et al., 2009). 
MAIER et al. (2006) observed that commercially available TiO2 nanoparticles (Aerox-
ide® P25, Degussa/Evonik) are highly aggregated and agglomerated in the original 
(aerosol) state. This microstructure was retained in aqueous dispersions without 
sonication, even in the presence of DPPC, and DLS measurements showed a mono-
disperse particle size distribution almost exclusively in the 1 – 10 µm range. 
However, after bath ultrasonication of samples in PBS + DPPC an additional but 
small fraction with sizes around 100 nm became detectable. In accordance with 
these observations, JIANG et al. (2009) observed that the average size of the same 
TiO2 nanoparticles material could be reduced by ultrasonication. Nevertheless, the 
mean hydrodynamic diameter of these particles was still higher (155 nm) than the 
size of the individual nanoparticles, indicating that the material consisted of aggre-
gates that could not be broken up by the treatment. In contrast, a laboratory prepared 
TiO2 of agglomerated but not aggregated primary particles with similar primary size 
could be dispersed by ultrasonication to nanoparticles of a mean hydrodynamic di-
ameter of about 70 nm. Taking into account the electrical double layer around the 
primary particle, this size is consistent with the size of individual nanoparticles (JI-
ANG et al., 2009). The results of other studies also confirm that the average size of 
TiO2 and other nanoparticles (zinc oxide, silver, silicon oxide) in dispersions and also 
the size distribution (as indicated by the PdI) may be reduced by ultrasonication of 
sufficient ultrasound energy. As may be expected, the exact reduction of the average 
size of nanoparticle agglomerates/aggregates in dispersions which may be achieved 
by ultrasonication depends on the chemical composition and on the method of prepa-
ration of the individual nanomaterial (BIHARI et al., 2008; TANTRA et al., 2010). 
 
2.1.3 Effects of Ionic Strength, pH, Physiological Buffers, and Cell Culture 

Media 
 
The effects of ionic strength, pH, and ion charge on electrostatic stabilisation on sur-
face charge and agglomeration were investigated by JIANG et al. (2009). For this 
purpose, a 15 nm anatase TiO2 was freshly synthesized via a flame aerosol reactor 
from titanium isopropoxide. This material, dispersed in water or very diluted 1 µm 
NaCl solution, showed an average hydrodynamic diameter (by DLS) of 90 nm, which 
– taking into account the electrical double layer (see above) – is not much larger than 
the primary, non-aggregated, non-agglomerated nanoparticles. Dispersion in NaCl 
solutions of increasing ionic strength (1 – 100 mM, pH 4.6) increased the hydrody-
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namic diameter up to 50-fold (from ~ 90 to ~ 4800 nm). The dispersion became 
polydispers at 10 mM NaCl (with particle sizes mostly around 1000 nm); large, un-
stable and highly agglomerated dispersions were formed at NaCl concentrations ≥ 
100 mM. The ζ potential of about +40 mV was not affected at low ionic strength but, 
consistent with the observations on the agglomeration, decreased at NaCl concentra-
tions ≥ 10 mM. At constantly low ionic strength (1 mM), the ζ potential decreased with 
increasing pH. The hydrodynamic diameter reached its maximum at the isoelectric 
point of pH 6.0. Stable dispersions of small-sized particles (~ 90 nm) were obtained 
at pH< 4.2 or pH > 8.2. 
The addition of 10 mM pyrophosphate (Na2P4O7) to TiO2 dispersions changed the ζ 
potential from ~ +40 mV to ~ -53 mV, because these ions are adsorbed on the sur-
face of the particles. Consequently, this lead to an increased stability of the disper-
sion, so that no agglomeration occurred in solutions of 10 mM NaCl + 5 mM pyro-
phosphate. However, the stabilising effect of the polyvalent anion was limited to solu-
tions of low ionic strength, and agglomeration could not be inhibited at 50 mM NaCl. 
In accordance with these data, MEIßNER et al. (2009) observed that dispersions of 
TiO2 had a high positive ζ potential and were stable to agglomeration at acidic condi-
tions and low ionic strength, but that the potential decreased in physiological NaCl, 
buffer solutions (PBS, HBSS) and cell culture medium (DMEM), and the nanoparti-
cles rapidly agglomerated. A number of further studies with TiO2 from various 
sources and aggregate/agglomerate state, and also with other metal oxide and metal 
nanoparticles are in line with these observations. All these studies described that 
nanoparticle dispersions agglomerate in physiological salt solutions, e.g. TiO2 of vari-
ous sources and characteristics (ALLOUINI et al., 2009; BIHARI et al., 2008; 
MEIßNER et al., 2009; MURDOCK et al., 2008; SAGER et al., 2007; SCHULZE et 
al., 2008; TANTRA et al., 2010), ZnO (BIHARI et al., 2010; TANTRA et al., 2010), 
Al2O3 and Al (MURDOCK et al., 2008), some forms of SiO2 (BIHARI et al., 2008, 
MURDOCK et al., 2008), Ag (BIHARI et al., 2008; MURDOCK et al., 2008), Cu 
(MURDOCK et al., 2008), and carbon black (MURDOCK et al., 2008; TOTSUKA et 
al., 2009). 
Therefore, the results of JIANG et al. (2009) and MEIßNER et al. (2009) are valid for 
nanoparticles in a general way and imply important consequences for dispersions of 
nanoparticles in physiological media. As such media must inevitably meet certain 
criteria with respect to pH, ion composition and ion concentrations, their composition 
will generally favour the agglomeration of nanoparticles. Consequently, it can be con-
cluded that it will be very difficult or impossible to obtain stable dispersions of un-
modified nanomaterials in physiological salt solutions including cell culture media. An 
inhibition or a limitation of the agglomeration may be achieved by surface coating of 
the nanomaterials, leading to electrostatic and steric stabilisation. 
 
2.1.4 Effects of Dispersion Aids 
 
LIMBACH et al. (2005) observed that different metal oxide nanoparticles showed dif-
ferent, substance specific ζ potentials in dispersions in pure water, but similar, slightly 
negative values in serum containing cell culture medium. Later studies showed that a 
similar change of the ζ potential can be observed in cell culture media regardless of 
the presence or absence of protein (MEIßNER et al., 2009; SCHULZE et al., 2008). 
LIMBACH et al. (2005) postulated that, because the measured ζ potentials were too 
low to prevent agglomeration, a rapid agglomeration of nanoparticles would be fa-
voured in such media. However, the mentioned studies (MEIßNER et al., 2009; 
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SCHULZE et al., 2008) and a number of others revealed that dispersions of nanopar-
ticles in protein-free culture mediums are unstable and larger agglomerates are rap-
idly formed, but that an agglomeration is in most cases inhibited or at least reduced in 
media containing proteins.  
As the ζ potential of the nanoparticles in media with added proteins is rather small, 
the observed stabilisation of the dispersions cannot be explained by electrostatic ef-
fects. Instead, the stabilisation indicates a coating of the particles by proteins, leading 
to steric effects which stabilise the dispersion (JIANG et al., 2009; SCHULZE et al., 
2009). Calculations for various metal oxide nanoparticles dispersions in serum con-
taining cell culture media indicated that the resulting protein/metal oxide particles 
mainly consist of proteins and only smaller amounts of the metal oxide (1 – 43 %, 
depending on the metal oxide) (KATO et al., 2009, 2010). 
In most studies, albumin has been used as a protein to stabilise NP dispersions, with 
no substantial differences between albumin from different species including humans 
(BIHARI et al., 2008). Also, results were generally comparable for albumin and for 
sera from different species (fetal calf serum, horse serum, mouse serum) (ALLOUINI 
et al., 2009; BIHARI et al., 2008; GOEBBERT et al., 2009; MEIßNER et al., 2009; 
SAGER et al., 2007; TANTRA et al., 2009; VIPPOLA et al., 2009). Divergent results 
were obtained by MURDOCK et al. (2009) as the average particle diameter of vari-
ous TiO2 and other nanoparticles was not reduced in medium with FCS compared to 
FCS-free media. The reasons for the discrepancy to other studies are not fully clear, 
but may be related to different sources and thus properties of the TiO2 and other ma-
terials. In any case, the results stress the need for rigid characterisation of particles in 
dispersion. 
Fewer studies have investigated the effect of other dispersion aids on the agglomera-
tion of dispersed nanoparticles. The dispersion of TiO2 and of carbon black in BAL 
fluid from rat lung (lavage wash with Ca2+- and Mg2+ free PBS) was described to con-
sist of smaller agglomerates and show a more uniform dispersion pattern compared 
to PBS; however, the validity of these data is limited as only light microscopy obser-
vation was performed which cannot detect submicron particles (SAGER et al., 2007). 
Using more precise and sensitive analytical determinations (analytical ultracentrifuga-
tion), GOEBBERT et al. (2009) observed that the agglomeration state of nanoparti-
cles (TiO2, AlOOH) in BAL fluid (porcine bronchoalveolar lavage fluid) was similar to 
that in diluted serum. Differences between this type of BAL fluid and diluted serum 
were observed for two cerium dioxide nanoparticle materials, where small-scale ag-
gregates/agglomerates could only be detected in diluted serum (GOEBBERT et al., 
2009). 
Some data are available for DPPC as surrogate lung surfactant. TEM observations of 
technical TiO2 "as is" and after dispersion in DPPC revealed that the particle size de-
creased by a factor of three in dispersion. However, the particles were still about 5-
fold larger (100 nm) than the primary particles (25 nm). These results suggest that 
the production process of ultrafine TiO2 nanoparticles led to the formation of primary 
stable aggregates of about 100 nm size and that larger agglomerates present in air-
borne suspensions may be broken up by DPPC to these aggregates but not to 
smaller ones or to individual nanoparticles (MAYNARD, 2002, 2008). This observa-
tion is in agreement with theoretical calculations and experimental data from MAIER 
et al. (2006) who found that the interaction energy between DPPC and the TiO2 sur-
face is too low to overcome the intra-aggregate splitting energy between the 
nanoparticles. 
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Very limited data were available regarding the effects of natural lung surfactant on 
the agglomeration status of nanoparticles dispersions. In one study, anatase-TiO2 
dispersed in pure FCS with added natural lung surfactant (Curosurf) revealed an 
even distribution of agglomerated particles of a mean size similar to those observed 
in other media (VIPPOLA et al., 2009). However, the validity of these data is limited 
as only light microscopy observation was performed which cannot detect submicron 
particles Limited data are also available for Tween® 80, a non-ionic synthetic emulsi-
fier. E.g., TEM observations of a dispersion of carbon black in physiological saline 
with Tween® 80 showed that carbon black was "relatively well dispersed, … agglom-
erates were occasionally present.", and the range of size distribution indicated that 
individual nanoparticles may have been present in the dispersion (TOTSUKA et al., 
2009). In a study looking for optimised dispersion conditions for various nanoparti-
cles, Tween® 80 had similar effect as albumin with respect to size distribution and 
stabilisation of TiO2 dispersions. Also, the ζ potentials become rather similar in such 
dispersions with Tween® 80 or albumin. Tween® 80 was also as or slightly less effec-
tive in case of dispersions of silicon oxide and silver nanoparticles. However, sub-
stance specific differences have to be considered as Tween® 80 was not as effective 
as albumin for dispersions of ZnO in PBS (BIHARI et al., 2008). In summary, these 
data indicate that the dispersion stabilising effect of Tween® 80 seems largely com-
parable to that of proteins. 
In conclusion, the following aspects are important to achieve a dispersion of nanopar-
ticles in physiological solutions at a size of agglomerates/aggregates as small as 
possible (BIHARI et al., 2009): At the first step, the particles should be dispersed in 
water or – depending on the surface characteristics of the material – a very diluted 
acid or alkaline, so that the pH of the solution will favour a high positive or negative ζ 
potential which stabilises the dispersion against agglomeration. The dispersion 
should then be ultrasonicated using a sonication energy sufficient to break-up ag-
glomerates, before albumin or serum is added as a stabiliser. The ratio of the con-
centration of protein to the concentration of nanoparticles must be high enough to 
ensure that the nanoparticles will be covered by the protein. As an alternative to al-
bumin or serum, other stabilisers, especially Tween® 80, may be used in experiments 
where the use of proteins is not appropriate, e.g., in studies with in vivo instillation of 
the dispersions into the airways. Finally, the dispersions may be diluted to the desired 
concentrations using the appropriate medium. The resulting dispersion should be 
characterised with respect to the average size and size distribution. This is usually 
done by DLS, the most widely applied method, and by TEM. However, it must be 
recognized that the results of DLS for dispersions in the presence of proteins may be 
biased. AUC has been suggested as a suitable, conventionally laboratory available 
method (SCHULZE et al., 2009). More work will be necessary to develop methods for 
precise and reproducible determination of the size and size distribution of dispersed 
nanoparticles. 
 
 
2.2 Nanoparticle Suspension in Air  
 
2.2.1 General Findings 
 
During the production or airborne transportation in pipes, agglomeration is favoured 
when high particle concentrations and pressures are prevailing. Such agglomerates 
may be emitted in case of leakages and shear forces may cause break up of ag-
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glomerates. STAHLMECKE et al. (2009) observed that under experimental condi-
tions simulating such leakage, nanoparticles agglomerates (< 100 nm) indeed par-
tially fragmented with the formation of smaller particles (< 100 nm). The fraction of 
smaller particles increased with increasing overpressure. All materials contained a 
fraction of about 1 % of particles with a mobility diameter of < 100 nm. No significant 
fragmentation under overpressure conditions was observed for SrCO3, increases of 
approx. 3 – 6 % were observed for TiO2, TiZrAlO and a CeO2 material, all with pri-
mary particle sizes within 14 – 42 nm. In another CeO2 (70 nm) the fraction of parti-
cles < 100 nm increased at 12 %. The results of this study show that fragmentation to 
smaller particles may occur in case of leakages and that the amount of fragmented 
particles formed is somewhat dependent on the material. 
 
2.2.2 In vivo Studies 
 
In an inhalation study (28 days exposure, 3 months postexposure duration) with rats 
with two calcined aluminium oxyhydroxides the influence of primary particle size or 
the size of agglomerates on pulmonary effects (toxicity and fate) was investigated 
(PAULUHN, 2009) with identical particle mass concentrations in the exposure at-
mosphere (Table 2.1, Appendix I). 
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Table 2.1 Behaviour of agglomerates of nanoparticles in vivo 
 

γ-AlO(OH), Boehmite Particle 

Pural 200 Disperal  

Dose levels mg/m3 0.4, 3, 20 0.4, 3, 20 

Particle characterization    

Primary particle size  nm 40 10 

Particle size, powder 
d50 (measured) 

µm 40 25 

MMAD of aggregates µm 0.6 1.7 

Surface Area m2 105 182 

Kinetic parameters    

Deposited alveolar fraction  0.103-0.105* 0.063-0.065* 

t1/2 of elimination  56-144* 42-295* 

Distribution     

PED 1, 28 mg/m3    

- Lung % 
 

83.2 80.3 

- BAL Cells % 19.1 23.7 

- Lymph Nodes % 
 

1.1 
 

0.1 
 

PED 91, 28 mg/m3    

- Lymph Nodes % 13.3 3.8 

    

Toxicity  
Effects only at 28 mg/m3 

   

PMN   + + 

Inflammation, histopathology  + + 

*: Ranges for increasing dose levels; PED: Post Exposure Day.  
    Higher values are shaded in grey 

 
Disperal consisting of the smaller primary nanoparticle (10 nm) formed larger ag-
glomerates with a MMAD of 1.7 µm (Disperal 10/1.7), while Pural (40 nm) formed 
smaller agglomerates of 0.6 µm MMAD (Pural 40/0.6). Alveolar deposition was de-
termined by the size of the agglomerates and was about twofold higher for the 
smaller agglomerates (Pural) despite identical exposure concentrations, indicating 
that the agglomerates remained stable during deposition.  
For Disperal (10/1.7) at the lower dose level clearance in the postexposure period 
was higher than for Pural (40/0.6), indicating, that here the size of the primary 
nanoparticles plays a role. The author assumes that the smaller size and the larger 
surface area of the 10 nm primary NP may have facilitated the dissolution of the par-
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ticles at this low dose. Consistent with the higher lung burden also higher transloca-
tion of Al into the lung-associated lymph nodes (LALN) was observed for Pural-
40/0.6. There were no clear differences between the inflammatory potency and histo-
pathological alterations of the two AlOOH particle types, although Disperal-10/1.7 led 
to a slightly more pronounced and sustained influx of PMN in the BAL over the whole 
experimental period.  
Overall, this publication shows that although there are differences in the pulmonary 
distribution of the agglomerates, the overall toxicity is rather similar. However, one 
has to bear in mind that differences in sizes may be too low, for discriminating prop-
erties of the particles: the size of the particles differed by a factor of 4, and that of the 
agglomerates by a factor of only 2.5. In order to study effects related to particle sizes 
below 100 nm dry dispersion techniques of powders are not suitable. For selected 
materials such as carbon, pure metals, alloys and others the spark generation 
method is useful as this methods allows control over the particle size in the range 
between 20 and 200 nm.  
 
 
2.3 References  
 
Allouni ZE, Cimpan MR, Hol PJ, Skodvin T & Gjerdet NR (2009) Agglomeration and 
sedimentation of TiO2 nanoparticles in cell culture medium. Colloids Surf. B Biointer-
faces 68 (1):83-87 
 
Bihari P, Vippola M, Schultes, S., Praetner M, Khandoga AG, Reichel C. A., Coester 
C, Tuomi T, Rehberg M & Krombach F (2008) Optimized dispersion of nanoparticles 
for biological in vitro and in vivo studies. Part. Fibre Toxicol. 5(14):1-14 
 
Goebbert C, Hardinghaus F, Kampmann KH, Kroell M, Lehr C-M, Schäfer U, 
Schultze-Isfort C, Schultze C, Voetz M & Wohlleben W (2009) Particle synthesis and 
characterisation. In: Kuhlbusch TAJ; Krug HF & Nau K, (eds.) NanoCare: Health re-
lated Aspects of Nanomaterials - Final Scientific Report, DECHEMA e.V., pp. 9-21 
http://www.nanopartikel.info/files/content/dana/Dokumente/NanoCare/Publikationen/
NanoCare_Final_Report.pdf 
 
Jiang J, Oberdörster G & Biswas P. (2008) Characterization of size, surface charge, 
and agglomeration state of nanoparticle dispersions for toxicological studies. J. 
Nanopart. Res. 11(1):77-89 
 
Kato H, Fujita K, Horie M, Suzuki M, Nakamura A, Endoh S, Yoshida Y, Iwahashi H, 
Takahashi K & Kinugasa S (2009) Dispersion characteristics of various metal oxide 
secondary nanoparticles in culture medium for in vitro toxicology assessment. Toxi-
col. In Vitro 
 
Kato H , Suzuki M, Fujita K, Horie M, Endoh S, Yoshida Y, Iwahashi H, Takahashi K, 
Nakamura A & Kinugasa S (2009) Reliable size determination of nanoparticles using 
dynamic light scattering method for in vitro toxicology assessment. Toxicol. In Vitro 
23 (5):927-934 
 
Limbach LK, Li Y, Grass RN, Brunner TJ, Hintermann MA, Muller M, Gunther D & 
Stark WJ (2005) Oxide nanoparticle uptake in human lung fibroblasts: effects of par-
ticle size, agglomeration, and diffusion at low concentrations. Environ. Sci. Technol. 
39(23):9370-9376 

http://www.nanopartikel.info/files/content/dana/Dokumente/NanoCare/Publikationen/NanoCare_Final_Report.pdf
http://www.nanopartikel.info/files/content/dana/Dokumente/NanoCare/Publikationen/NanoCare_Final_Report.pdf


 19

Maier M, Hannebauer B, Holldorff H & Albers P (2006) Does lung surfactant promote 
disaggregation of nanostructured titanium dioxide? J Occup Environ med 48:1314-
1320 
 
Maynard AD (2002) Experimental determination of ultrafine TiO2 deagglomeration in 
a surrogate pulmonary surfactant: preliminary results. Ann. Occup. Hyg. 46(1):197-
202 
Meissner T , Potthoff A & Richter V (2009) Physico-chemical characterization in the 
light of toxicological effects. Inhal. Toxicol. 21(1):35-39 
 
Murdock RC , Braydich-Stolle L, Schrand AM, Schlager JJ & Hussain SM (2008) 
Characterization of nanomaterial dispersion in solution prior to in vitro exposure using 
dynamic light scattering technique. Toxicol. Sci. 101(2):239-253 
 
Pauluhn J (2009) Pulmonary Toxicity and Fate of Agglomerated 10 and 40 nm Alu-
minum Oxyhydroxides following 4-Week Inhalation Exposure of Rats: Toxic Effects 
are Determined by Agglomerated, not Primary Particle Size . Toxicol. Sci. 
109(1):152-167 
 
Sager TM, Porter DW, Robinson VA, Lindsley WG, Schwegler-Berry DE & Cas-
tranova V (2007) Improved method to disperse nanoparticles for in vitro and in vivo 
investigation of toxicity. Nanotoxicology 1(2):118-129 
 
Stahlmecke B, Wagener S, Asbach C, Kaminski H, Fissan H & Kuhlbusch TAJ 
(2009) Investigation of airborne nanopowder agglomerate stability in an orifice under 
various differential pressure conditions. J Nanopart Res 11:1625-1635 
 
Schulze C, Kroll A, Lehr C-M, Schäfer UF, Becker K, Schnekenburger J, Schulze 
Isfort C, Landsiedel R & Wohlleben W (2008) Not ready to use - overcoming pitfalls 
when dispersing nanoparticles in physiological media. Nanotoxicology 2:51-61 
 
Tantra R, Tompkins J & Quincey P (2010) Characterisation of the de-agglomeration 
effects of bovine serum albumin on nanoparticles in aqueous suspension. Colloids 
Surf. B Biointerfaces 75(1):275-281 
 
Totsuka Y , Higuchi T, Imai T, Nishikawa A, Nohmi T, Kato T, Masuda S, Kinae N, 
Hiyoshi K, Ogo S, Kawanishi M, Yagi T, Ichinose T, Fukumori N, Watanabe M, Sugi-
mura T & Wakabayashi K (2009) Gentoxicity of nano/microparticles in in vitro micro-
nuclei, in vivo comet and mutation assay systems. Part. Fibre Toxicol. 6:23, 11p. 
 
Vippola M, Falck GCM, Lindberg HK, Suhonen S, Vanhala E, Norppa H, Savolainen 
K, Tossavainen A & Tuomi T (2009) Preparation of nanoparticle dispersions for in-
vitro toxicity testing. Hum. Exp. Toxicol. 28(6-7):377-385 
 
Wagner AJ , Bleckmann CA, Murdock RC, Schrand AM, Schlager JJ & Hussain SM 
(2007) Cellular interaction of different forms of aluminum nanoparticles in rat alveolar 
macrophages. J. Phys. Chem. B 111(25):7353-7359 
 
 



 20

3 Materials and Methods 
 
3.1 Selection of Nanoscaled Particles 
 
3.1.1 Commercially Available Nanoscaled Particle Pairs 
 
Well-characterised and commercially available pairs of nanoscaled dusts were ob-
tained from the sources given in Table 3.1: Titanium dioxide P25 (hydrophilic) and  
T 805 (hydrophobic); amorphous silica Aerosil 150 (hydrophilic) and R 104 (hydro-
phobic); technical soot Printex 90 (BET specific surface: 300 m2/g) and XE 2 (BET 
specific surface: 910 m2/g); zinc oxide (< 100 nm, not doped) and zinc oxide (< 50 
nm, 6 % Al-doped); see also Appendix II. 
 
Table 3.1 Selection of nanodust pairs 
 
Substance Particle type Average  

primary  
particle size 
(nm) 

Specific  
surface 
(BET) 
(m2/g) 

Tapped 
density 
(g/cm3) 

pH 

AEROXIDE® 
TiO2 P 25 
Fluffy white powder 
Hydrophilic fumed metal oxide 
CAS # 13463-67-7 
EINECS # 236-675-5 
Lot # 4168112198 * 
Evonik-Degussa 

21 50 ± 15 0.13 3.5-4.5 Titanium 
dioxide 

AEROXIDE® 
TiO2 T 805 
Fluffy white powder 
Hydrophobic metal oxide 
CAS # 100 209-12-9 ex. 13463-67-7 
EINECS # 309-319-2 ex. 236-675-5 
Lot # 3159021267 
Evonik-Degussa 

21 45 ± 10 0.2 3.0-4.0 

AEROSIL® 150 
Fluffy white powder 
Hydrophilic fumed silica 
CAS # 112945-52-5 ex. 7631-86-9 
EINECS # 231-545-4 
Lot # 3159020511 
Evonik-Degussa 

14 150 ± 15 0.05 3.7-4.7 Amorphous 
silica 

AEROSIL® R 104 
Fluffy white powder 
Hydrophobic fumed silica 
CAS # 68583-49-3 
EINECS # 271-514-2 
Lot # 3159031722 
Evonik-Degussa 

12 150 ± 25 0.05 
(tamped) 

> 4.0 
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PRINTEX® 90 
Fluffy black powder 
High Colour Furnace Black 
CAS # 1333-86-4 
Lot # 8313101 
Evonik-Degussa 

14 approx. 
300 

- - Technical 
soot 

PRINTEX® XE 2 
Fluffy black powder 
Extra Conductive Black 
CAS # 1333-86-4 
Lot # 080725 
Evonik-Degussa 

30 approx. 
910 

- - 

* This TiO2 sample is the official lot used in the TiO2 OECD Sponsorship Programme 

 
Table 3.1 Selection of nanodust pairs - cont'd 
 

Zinc oxide, nanopowder, 
<100 nm 
White powder 
Not doped 
CAS # 1314-13-2 
EINECS # 215-222-5 
Lot # 46097LJ 
Aldrich 

- - - - Zinc oxide 

Zinc oxide/6 % Al doped, 
nanopowder, <50 nm (BET) 
White powder 
Doped 
CAS # 1314-13-2 
EINECS # 215-222-5 
Lot # MKBB0132 
Aldrich 

- - - - 

 
Some of these powders have been frequently used in toxicological studies (e.g. TiO2 
P25, Aerosil 150, Printex 90). Their agglomeration behaviour was compared to coun-
terparts with contrary surface properties. This juxtaposition gave insight into the influ-
ence of surface modification on the particle size distribution in media and physiologi-
cal ambience (e.g. lungs). 
 
3.1.2 Generation of Nanoscaled Constantan Particles 
 
Constantan is a copper-nickel alloy usually consisting of 55 % copper, 44 % nickel 
and 1 % mangane. Ultrafine constantan particles are generated in an argon atmos-
phere using a modified electric spark generator (Typ GFG 1000, Palas, Germany) 
with two constantan electrodes. The reaction chamber of the particles generator is 
produced of inert ceramic to generate particles without contamination of organic 
components. The particle size distributions were in the range from 25-150 nm de-
pending on the ageing for the freshly produced aerosol. Particle growth was achieved 
by agglomeration in a coagulation chamber. Thus, it was possible to expose animals 
in an acute inhalation tests to nanoscaled or non-nanoscaled aerosols of constantan. 
In addition, absolute amounts of up to 600 mg of the freshly generated aerosol have 
been collected on filters in manifold days of processing and sampling (approx. 10-20 
mg achievable per day (Table 3.2). This material was used also for i.) liquid agglom-
eration status work in vitro in physiological media and ii.) for the acute inhalation of 
constantan where the aerosol was generated by dispersing a constantan suspension 
in aqueous phosphate/bovine serum albumin solution. 
Details of the constantan nanoparticle generation process are presented in Appendix 
III. 

http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Nickel


 22

Table 3.2 Constantan nanodust generated by spark erosion of a constantan  
electrode 

 
Substance Particle type Average  

primary  
particle size 
(nm) 

Specific  
surface 
(BET) 
(m2/g) 

Constantan Constantan (copper-nickel alloy 
consisting of 55 % copper,44 % 
nickel and 1 % mangane; main 
feature: resistance which is  
constant over a wide range of  
temperatures) 
Nanopowder sample prepared by 
electrode erosion at Fraunhofer 
ITEM 

5-7 1111 

1 Calculated based on a material density fo 9 g/cm³ and a primary particle diameter of 6 nm 
Note: During the BAuA-ITEM meeting on April 2, 2009 silver or copper were also discussed as candidates for the 
sparkling generation process; however, technical trials revealed that both metals where not optimal.   
 
3.1.3 Commercially Available Nanoscaled Europium Oxide (Eu2O3) 
 
Europium oxide is a metal oxide within the group of rare earths and was selected for 
an acute inhalation test because i.) nanoscaled fractions of Eu2O3 are commercially 
available, e.g. at americanelements.com, USA); ii.) its water solubility is negligible; 
iii.) the background of Eu2O3 in biological matrices is very low thus allowing very pre-
cise determinations of potential translocation of deposited materials from lungs. 
In addition to the toxicokinetic analysis TEM analysis was also included to verify 
whether race amounts of europium oxide found in remote localisations were based 
on dissolved or still particulate material. 
An Eu2O3 specified as "99.9 % (REO) Europium Oxide Nanopowder" sample (product 
code: EU-OX-03R-NP; lot #: 1271513379-620) was purchased from American Ele-
ments Co., Los Angeles, CA, USA. This is an uncoated Eu2O3 with hydrophilic sur-
face properties.  
 
Table 3.3 Physical properties of Eu2O3 

 
 
Formula 
CAS No. 
Appearance 
Molecular Weight 
Density 
Melting Point 
Boiling Point 
Solubility 
Stability 
 

 
Eu2O3 

1308-96-9 
White 
351.92 
7400 kg/m³ 
2350 °C  
Insoluble in water, moderately soluble in 
strong mineral acids 
Slightly hygroscopic 
 

 
 
 
 

http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Nickel
http://en.wikipedia.org/wiki/Electrical_resistance
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3.1.4 Determination of Particle Characteristics in Liquids with the  
ZetaSizer® 

 
Hydrodynamic Diameter (Z-average) 
The particle size distribution was measured using a ZetaSizer® (Malvern Instruments 
Ltd, UK). This device widely used in nanoparticle characterisation is based on dy-
namic light scattering (DLS). The time-dependent fluctuations of laser light intensity 
scattered by the particles (particles in Brownian movement) is measured and evalu-
ated by an integrated software. The output using the cumulant method is an intensity-
weighted harmonic mean of the particle size diameter which is derived from the slope 
of the autocorrelation function (Z-average). The Z-average value measured physically 
describes a mean value of the hydrodynamic particle size distributions. The dimen-
sionless polydispersity index (PDI) descibes the width of the particle size distribution 
(0 = monodisperse; 1 = polydisperse). Further results derived by calculation are vol-
ume (mass)- or number-weighted particle size distributions. For the calculation the 
refractive indes of the particle substance is required (e.g. for TiO2 = 2.55; not for all 
substances data are available from the literature, for those the values have to be 
taken from adequate analogues). 
 
ζ potential  
The ζ potential was determined by measuring the electrophoretic mobility of particles 
in suspension. The ZetaSizer® performs a calculation of the ζ potential (Smolu-
chowski equation). For this measurement specific capillary cells are used. 
 
3.1.5 Determination of Particle Characteristics in Aerosols 
 
Spark generator (constantan) 
The generator was operated with an argon flow rate of 3.5 l/min; in case of additional 
ageing was passed through a 10 l ageing cylinder. It was then further diluted by 20 
l/min compressed air and entered the inhalation chamber.   
The average size distribution was characterized by a mean mobility diameter of 124 
nm and a geometric standard deviation of 1.9. For details of conditions in the acute 
inhalations refer to section 4.2.2. 
 
Nebulisation of nanoparticle suspensions (constantan and europium oxide) 
The particulate sample aerosol was generated by dispersing the aqueous suspen-
sions. After evaporation of water from the droplet aerosol the aerosol concentration 
were determined by taking filter sampling as well as on-line aerosol photometer re-
cording. 
The mass median aerodynamic diameter (MMAD) was determined using a Marple 
impactor. 
 
 
3.2 Preparation of Particle Suspensions 
 
3.2.1 Inititial Considerations 
 
The suspension of nanoscaled particles to be used for in vitro cell incubations and in 
vivo intratracheal instillation experiments should use physiologically compatible buffer 
media. For the first nanoparticle pair, i.e. TiO2 P25 and TiO2 T805, a phosphate 
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buffer was chosen that had been successfully used in a nose-only experiment in rats 
to generate a partially nanoscaled TiO2 P25 aerosol (Fraunhofer ITEM study no. 02 N 
08 522; Creutzenberg et al., 2009; see Appendix V). In case of TiO2 T805 (hydropho-
bic surface properties because of surface-treatment with organics) Tween® 80 was 
used as an additional detergent auxiliary. 
 
Besides phosphate buffer other media were tested, e.g. the commercially available 
surfactant Curosurf® as an auxiliary for dispersion purposes.  
Curosurf®: Phospholipid fraction from swine lung; 120 mg corresponding to 111 mg 
total phospholipid; 1.5 ml Suspension; sodium chloride, sodium hydrogen carbonate 
(Chiesi GmbH, Hamburg; lot # 096941; expiry date: 10/2010). 
Porter et al. (2008) described a dispersion medium (DM), i.e. a Ca2+ and Mg2+-free 
phosphate buffered saline (PBS), pH 7.4, supplemented with 5.5 mM D-glucose, 0.6 
mg/ml species-specific serum albumin, and 0.01 mg/ml 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC). This medium can be used as a 'lung fluid mimic.' 
  
The SOPs edited during the NanoCare Project have also been considered. However, 
they have not been used for this project as they focus on workplace situations and 
aim at investigating the given powders (agglomerates) more than really existing 
nanoparticles. 
 
3.2.2 Preparation of TiO2 P25 Suspensions 
 
Sequence of treatment (general procedure)   
- Suspension of TiO2 P25 (0.1 w-%) in a 0.15 w-% Na2HPO4 buffer 
- 30 min treatment with Ultra-Turrax (high shear forces) 
- 30 min ultrasonic treatment (high dis-aggregation forces) 
 
Table 3.4 Measurements of hydrodynamic diameter and ζ-potential with TiO2 P25 
 

TiO2 P25 
Sample treatment 

Time log 
(h) 

Hydrodynamic 
diameter 

(nm) 

ζ-Potential 
(mV) 

after 30 min Ultra-Turrax treatment 0.5 205.6 -52.6 

after additional 30 min ultrasonic treatment 1 181.7 -50.3 

after additional 4 hrs without treatment 5 181.0 -49.9 

overnight without treatment 20 152.0 -53.0 

after additional 4 hrs without treatment 24 177.9 n.m. 

addition of BAL fluid (1:1 v/v) 24 + 5 min precipitate! n.m. 
- BAL fluid: - obtained by 2x4 ml lung lavage with saline from an untreated rat; - 10 min centrifugation at 3000 rpm 
  of the BAL fluid to remove the cells 
- Measurements done with ZetaSizer®, Malvern, England 
 



 25

3.2.3 Preparation of TiO2 T805 Suspensions 
 
Sequence of treatment (general procedure)  
- Suspension of TiO2 T805 (0.1 w-%) in 0.15 w-% Na2HPO4 buffer/0.09 w-%  
  Tween 80 
- 30 min treatment with Ultra-Turrax (high shear forces) 
- 30 min ultrasonic treatment (high dis-aggregation forces) 
 
Table 3.5 Measurements of hydrodynamic diameter and ζ-potential with TiO2 T805 
 

TiO2 T805 
Sample treatment 

Time log 
(h) 

Hydrodynamic 
diameter 

(nm) 

ζ-Potential 
(mV) 

after 30 min Ultra-Turrax treatment 0.5 183.0 -16.7 

after additional 30 min ultrasonic treatment 1 175.0 -17.2 

after additional 4 hrs without treatment 5 177.9 -16.9 

after addition of Curosurf (0.05 w-%) 5 + 5 min 177.2 -18.8 

after additional 19 hrs without treatment 24 177.9 n.m. 

addition of BAL fluid (1:1 v/v) 24 + 5 min 191.6 n.m. 
- BAL fluid: - obtained by 2x4 ml lung lavage with saline at an untreated rat; - 10 min centrifugation at 3000 rpm of  
  the BAL fluid to remove the cells 
- Measurements done with ZetaSizer®, Malvern, England 
 
3.2.4 Preparation of Carbon Black Particle Suspensions 
 
Carbon black (Printex® 90) particles were dispersed in the 'lung fluid mimic' (0.1 w-% 
carbon black) described by Porter et al. (2008). The following conditions were used to 
generate a nanoscaled or microscaled carbon black suspension: 
• Nanoscaled: 50 min vigorous stirring with the Ultra Turrax® (IKA Co.) followed 

by approx. 22 min ultrasonic treatment 
• Microscaled: 8 min vigorous stirring with the Ultra Turrax® (IKA Co.) followed 

by approx. 13 min ultrasonic treatment 
 

3.2.5 Preparation of Zinc Oxide Particle Suspensions 
 
Zinc oxide suspensions were prepared as given in the following table. 
 
Table 3.6 Measurements of hydrodynamic diameter and ζ-potential with ZnO  

powders 
 

Substance / 
particle type 

Concen- 
tration 

(%) 

Medium Z-Average 
(nm) 

ζ potential 
(mV) 

ZnO < 100 nm  0.1 0.15 % Na2HPO4 buffer 265 -62 
after 20 h   222 -65 

ZnO < 50 nm 220 -53 
after 23 h 

 
0.1 

0.15 % Na2HPO4 buffer 
0.05 % Tween 80 218 -55 
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3.2.6 Preparation of Constantan Particle Suspensions 
 
Constantan particles were dispersed in 0.15 % phosphate buffer supplemented with 
bovine serum albumin (BSA). 
For the intratracheal instillation experiments a concentration of 0.2 w-% constan-
tan/0.15 w-% Na2HPO4/0.15 w-% bovine serum albumin (BSA) was used. The sus-
pension was treated vigorously for 40 min using the Ultra Turrax® (IKA Co.) followed 
by short ultrasonic treatment and manual shaking. 
For the inhalation experiment a composition of 0.15 w-% constantan/0.15 w-% 
Na2HPO4/ 0.15 w-% bovine serum albumin (BSA) was chosen for the stock suspen-
sion. 
  
3.2.7 Preliminary Conclusion 
 
Various approaches applied in the project demonstrated that it is feasible to prepare 
stable, at least partially nanoscaled suspensions of the selected nanoscaled powders 
in physiological media. The particle suspensions generated with a strong mechanical 
treatment and using various methods in combination, showed an evident moiety of 
particles with a diameter below the 100 nm threshold. This is evident after evaluation 
of the Z-average particle diameter data and, in particular, when calculating the num-
ber-weighted particle diameters.   
Trials to prepare stable particle suspensions with a mean size in the range of 300-
1000 nm failed. It is difficult to establish mean size values in the microscaled particle 
range stable for substantial time periods.  
 
 
3.3 In vitro Approaches 
 
To gain deeper insights into the uptake and fate of the test particles, an exemplary in 
vitro approach with selected human cell lines from the respiratory tract was per-
formed using an air-liquid interface culture.  
 
3.3.1 Selection of Cell Lines 
 
The selection of the cell models based on their acceptance in current research and 
aimed to represent each region of the respiratory tract. Therefore, the following three 
human epithelial cell lines from bronchial and alveolar localisation as well as one hu-
man lung fibroblast cell system were used: 
 
Calu-3 
This cell line is a human sub-bronchial gland cell line and features epithelial morphol-
ogy as well as adherent growth (ATCC; 2010). Calu-3 cells form polarized confluent 
monolayers with tight junctions (Shen et al., 1994), and resemble ultrastructure, lev-
els of m-RNA and protein content characteristics of the native epithelium (Finkbeiner 
et al., 1993). They were reported to contain secretory granules and express mucus 
genes (Gruenert et al., 1995; Shen et al., 1994; Berger et al., 1999). Due to there 
origin from sub-bronchial glands these cells produce mucus under air-interface condi-
tions (O´Shaughnessy and Prosser 1996). Furthermore, cells exhibit several ion 
transport characteristics (Mathias et al., 1996; Shen et al., 1994) and express CYP-
enzymes (Foster et al., 2000). The Calu-3 cell line has shown utility as an in-vitro 
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model to examine transport, cellular uptake and metabolism of suspensions or solu-
tions of therapeutics (Ehrhardt et al., 2002a; Foster et al., 2000; Cavet et al., 1997; 
O´Shaughnessy and Prosser 1996; Florea et al., 2001; Hamilton et al., 2001). The 
biological differentiation of the cell and in particular the transport characteristics of the 
Calu-3 cell line strengthen its use as a standard in-vitro model of the human airway 
epithelium (Grainger et al., 2006). 
 
16HBE140- 
16HBE140- is a transformed epithelial cell line derived from normal human bronchial 
epithelium (Cozens et al., 1994).These cells show a polarized cell monolayer in cul-
ture and display many properties of bronchial basal cells like lectin binding patterns 
and expression of intercellular adhesion molecules such as ZO-1 and occludin pro-
tein as well as expression of E-cadherin (Erhardt et al., 2002b, Dorscheid et al., 
1999, Zhu et al., 1999, Man et al., 2000). Using air-liquid interface culture conditions, 
cells retained properties of differentiated airway epithelial cells, including apical mi-
crovilli and cilia (Cozens et al., 1994). Another characteristic of these cells is the 
regulated ion-transport (Ehrhardt et al., 2000b). These characteristics qualify the cell 
line as a potential in-vitro model for studies of airway disease, ion transport, secre-
tion, viral infection and cell-cell interaction properties of bronchial cells (Manford et 
al., 2005).  
 
A549 
The A549 cell line is well characterized and a widespread human lung epithelial in-
vitro model. These cells were reported to retain features of type II alveolar cells, in-
cluding cytoplasmic multilamellar inclusion bodies and an ability to synthesize surfac-
tant (Lieber et al., 1976, Smith, 1977). Further characterization of this cell line has 
shown that it exhibited metabolic and transport properties consistent with type II pul-
monary epithelial cells (Foster et al., 1998) and expressed MUC1, MUC5B, and 
MUC5 mRNA and secretes MUC5 mucins (Berger et al., 1999). The cell line is a 
well-characterized model for investigating molecular and biochemical processes in 
airway epithelium. Cells have been used for various studies including gene regulation 
of elastase-specific inhibitor/elafin and secretory leukoprotease inhibitor (Sallenave et 
al., 1997), inducible nitric oxide synthase (Asano et al., 1997), and interleukin-8 
(Fiedler et al., 1996); arachidonic acid metabolism (Croxtall et al., 1996); production 
of extracellular matrix (Guadiz et al., 1997); gene therapy (Stark et al., 1997); respira-
tory syncytial virus infection (Arnold et al., 1997, Elias et al., 1994); and signal trans-
duction (Dean et al., 1997). The A549 cell line is therefore widely used as a model 
system to study biological effects after exposure to particles (Wottrich et al., 2004; 
Schwerdtle, Hartwig, 2006; Xu, Zhang, 2004; Nagy et al., 2005; Bitterle et al., 2006; 
Blank et al., 2006; Gualtieri et al., 2010). 
 
LK004 cells 
Human lung fibroblast cells (LK004) were established from the normal bronchopul-
monary tissue, derived from a male adult lung (transplant) patient (Ritter et al, 1999). 
Cells were reported to show a normal diploid karyotype (Aufderheide et al., 1999). 
They resemble the morphology and growth pattern of fibroblasts under standard cul-
ture conditions. When grown on micropourous membranes they retained the charac-
teristic cytoskeletal pattern of human pulmonary fibroblasts (Aufderheide et al., 
1999). LK004 cells were used to establish a biological model system for the testing of 
substances inducing oxidative stress. Within this test procedure, several cellular pa-
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rameters (ATP/ADP ratio, mitochondrial activity, total glutathione, glutathione peroxi-
dase and reductase) which are closely connected by biochemical pathways on the 
basis of the glutathione redox cycle have been investigated (Ritter et al., 1999). Fur-
thermore LK004 cells served as a human lung fibroblast cell model to study the bio-
logical effects after exposure to native gaseous compounds (ozone, nitrogen dioxide) 
at the air-liquid interface (Ritter et al., 2001). 
 
3.3.2 Air-liquid Interface Culture 
 
To mimic the exposure situation of the epithelium in the in vivo lung the most com-
mon approach used is the air/liquid interface (ALI) technique based on cell cultures 
on microporous membranes. Therefore, cells were initially cultivated under their cell 
type specific conditions in 150cm² culture flasks using submerged conditions. Culture 
medium was changed every to 2-3 days. Before reaching 80 % confluence, cells 
were subcultivated. During a cell passage an aliquot of the cells was then seeded on 
microporous membranes (Inserts, BD Falcon; 0.4µm pore size; growth area ~1cm²). 
Cells were further cultivated on the membranes until they reached a confluent 
monolayer as inspected by light microscopy. Previous to the exposure with the test 
particle suspension, the apical side of each cell monolayer was gently washed with 
prewarmed buffer solution. During the treatment, cells were nutrified by culture media 
from beneath the membrane solely while being exposed to the particles from the top. 
 
3.3.3 Exposure to Test Particles 
 
In this in vitro approach the following commercially available nanoscaled dusts were 
used. (for further characteristics of the test particles see chapter 3.1.1, table 3.1). 
 
- AEROXIDE®, TiO2 P 25; 
- AEROXIDE®,TiO2 T 805; 
- Zinc oxide, nanopowder, <100 nm; 
- Zinc oxide/6 % Al doped, nanopowder, <50 nm; 
- PRINTEX® 90 
 
All particle suspensions were prepared freshly before the experiments. Preparation 
and measurement of each nanoscaled suspension followed the methods described 
before (see chapter 3.2). Cells grown on microporous membranes were exposed for 
1 hr, 24 hrs or 48 hrs from the apical side to each particle type using three different 
particle concentrations (10ng/cm², 100ng/cm² and 1000ng/cm²). Afterwards, all mem-
branes were further processed for TEM or REM analysis.   
 
3.3.4 Preparation of Membranes for TEM/SEM Techniques 
 
All particle suspensions were prepared freshly before the experiments. Preparation 
and measurement of each nanoscaled suspension followed the methods described 
before (see chapter 4.2). Cells grown on microporous membranes were exposed for 
1 hr, 24 hrs or 48 hrs from the apical side to each particle type using three different 
particle concentrations (10 ng/cm², 100 ng/cm² and 1000ng/cm²). Afterwards, all 
membranes were further processed for TEM analysis.   
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Preparation of membranes for TEM techniques 
After 1 hr, 24 hrs or 48 hrs, cell samples exposed to test particles on microporous 
membranes were fixed in 5 % glutaraldehyde solution (pH 7.2) at room temperature 
for at least 1 hr. The PET-membrane was cut out and postfixed in 1 % osmium-
tetroxid in 0.1M sodium cacodylate buffer. Following dehydration of the cells in a 
graded series of ethanol the membranes were infiltrated with epoxy resin and em-
bedded. An ultramicrotome (Ultracut E, Richard-Jung) was used for cutting ultrathin 
sections (70nm). They were positioned on copper grids and observed with a trans-
mission electron microsope (Zeiss, Leo 910). 
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3.4 In vivo Approaches 
 
Wistar rats were used for the in vivo tests with various types of nanoparticle suspen-
sions. 
 
3.4.1 Bronchoalveolar Lavage (BAL) 
 
Bronchoalveolar lavage (BAL) was performed 15 min, 1, 5 and 24 hrs after the intra-
tracheal instillation of the particle suspensions. The method of Henderson et al. 
(1987) was used with minor modifications. In order to assure a sufficiently strong sig-
nal in the ZetaSizer® measurement a single lung lavage (male rats: 1 x 6 ml; females: 
1 x 5 ml) was performed and the lavage fluid used for particle size measurements. 
Lung lavages were performed using regularly saline as the standard solution, how-
ever, modified solutions were chosen if the particle to be analysed was known to be 
unstable in saline. In any case, the solution to be used for lavage was checked be-
fore lavage lest it should take influence on the stability on the agglomerate status of 
particles in lungs. 
 
RF Henderson, JL Mauderly, JA Pickerell, RF Hahn, H Muhle, and AH Rebar 
Comparative study of bronchoalveolar lavage fluid: Effect of species, age and method of lavage.  
Exp Lung Res 13, 329-342 (1987) 
 
Table 3.7 Overview on suspension composition and dispersion conditions  

(BAL stock suspensions) 
 
Substance Preparation Conditions of bronchoalveo-

lar lavage (BAL) method 
 Ultra Turrax® 

(min) 
Ultrasonic treatment 

(min) 
 

Titanium dioxide  
TiO2 P 25 

30 30 Phosphate buffer 
BAL 1 x 6 ml 

Titanium dioxide  
TiO2 T 805 

30 30 NaCl-BAL 1 x 6 ml 

Constantan 40 not used DM-BAL 1 x 5 ml 
Printex 90 fine 50 22 DM-BAL 1 x 5 ml 
Printex 90 coarse 8 13 DM-BAL 1 x 5 ml 

 
Substance/ 
Particle type 

Concen- 
tration 

(%) 

Medium Z-Average 
(nm) 

ζ potential 
(mV) 

Titanium dioxide  
TiO2 P 25  

 
0.2 

0.15 % Na2HPO4 buffer  
192 

 
-47 

Titanium dioxide  
TiO2 T 805 

168 n.m. 

after 17 h 

 
0.2 

0.15 % Na2HPO4 buffer 
0.1 % Tween 80 

169 n.m. 
Constantan 0.2 0.15 % Na2HPO4 buffer 

0.15 % BSA  
200 n.m. 

Printex 90 fine 0.1 Dispersion medium 
(Porter et al., 2008) 

225 -1,3 

Printex 90 grob 0.1 Dispersion medium 
(Porter et al., 2008) 

475 n.m. 
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3.4.2 TEM Analysis 
 
The lungs of every animal intended for electron microscopy were fixed with 5 % glu-
taraldehyde solution (pH 7.2) by perfusion via the blood vessels. Three approximately 
1 mm sized pieces were cut out of each lung and further processed as described in 
chapter 3.3.4. During this process an adequate area for investigation of approxi-
mately 200 x 300 µm in size was chosen for ultrathin sectioning.  
Other tissues were cut immediately in 1 mm sized blocks and immersion fixed in 5 % 
glutaraldehyde solution (pH 7.2) and further processed similar to the lung. 
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4 Results 
 
4.1 In vitro Experiments 
 
Initially, A549 cells treated with different concentrations of TiO2 P25 after different 
time points (1 h, 24 h, and 48 h) were examined. These cells showed signs of de-
generation after 48 h. Furthermore, only the highest concentration applied (1000 
ng/cm²) seems to achieve sufficient high enough concentration of the nanoparticle to 
be proper examined. Therefore, the further investigation was focussed on the time 
points 1 h and 24 h after treatment with the different nanoparticles at a concentration 
of 1000 ng/cm². 
Note: The dosing scheme in the in vitro studies was based on the following rationale: 
The rat lung shows an approximate deep lung surface of 3000 cm2/lung. As the stan-
dard dosing in the in vivo experiments was fixed at 300 µg/lung (no overload) the cor-
responding value related to the surface would be 100 ng/cm². Thus, to meet the crite-
rion to have similar doses per surface in the in vitro and the in vitro experiments, the 
dosing scheme in vitro was fixed at 10 - 100 - 1000 ng/cm². The spacing factor 10 
should guarantee to find an appropriate particle density in the in vitro samples for 
TEM analysis. 
  
Approximately 10 to 50 randomly chosen cells were investigated in details by thor-
oughly looking at them at a magnification of 10.000x. If particles were found resem-
bling nanoparticles the magnification was increased up to 80.000x to verify the ob-
servation.  
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Table 4.1 Overview of the amount and location of the particles/agglomerates  
observed 

 
Treatment Calu-3 

Human sub-bron-
chial gland cell line 
 

16HBE140- 
Transformed epithe-
lial cell line from 
human bronchial 
epithelium 
 

A549 
Human lung epithe-
lial cell line 
 

LK004 
Human lung fibro-
blast cell line 
  

TiO2 P25 after 1hr Rarely particles 
were found which 
were all located on 
the cellular surface

Few particles on 
the cellular surface

Some particles on 
the cellular surface 
and two within the 
cytoplasm 

Some particles on 
the cellular surface

TiO2 P25 after 
24 hrs 

Few particles on 
the cellular surface 
and one within the 
cytoplasm 

A moderate num-
ber of particles 
were found which 
were all in the 
cytoplasm 

Moderate number 
in the cytoplasm 
and some on the 
cellular surface 

Moderate number 
of particles in the 
cytoplasm and on 
the cellular surface

TiO2 T805 after 
1 hr 

No particles found No particles found Rarely particles 
were found which 
were all located on 
the cellular surface 

Rarely particles 
were found which 
were all located on 
the cellular surface

TiO2 T805 after 
24 hrs 

No particles found Some particles 
were observed in 
the cytoplasm and 
two on the cellular 
surface 

Rarely particles 
were found in the 
cytoplasm and few 
particles on the 
cellular surface  

Some particles 
were found on the 
cellular surface 
and in the cyto-
plasm 

ZnO <50 nm after 
1 hr 

Rarely particles 
were found which 
were all located on 
the cellular surface

No particles found Rarely particles 
were found in the 
cytoplasm and 
some particles on 
the cellular surface 

Moderate number 
of particles were 
found on the cellu-
lar surface 

ZnO <50 nm after 
24 hrs 

No particles found Some particles 
were observed in 
the cytoplasm 

Many particles on 
the cellular surface 
and a moderate 
number in the 
cytoplasm 

Moderate number 
of particles were 
found in the cyto-
plasm and few on 
the cellular surface

ZnO <100 nm after 
1 hr 

No particles found No particles found No particles found No particles found 

ZnO <100 nm after 
24 hrs 

No particles found No particles found No particles found No particles found 

PRINTEX® 90 after 
1 hr 

Rarely particles 
were found which 
were all located on 
the cellular surface

No particles found Rarely particles 
were found which 
were all located on 
the cellular surface 

Two particles were 
found on the cellu-
lar surface  

PRINTEX® 90 after 
24 hrs 

Rarely particles 
were found which 
were mostly lo-
cated in the cyto-
plasm and one on 
the cellular surface

Rarely particles 
were found which 
were mostly lo-
cated in the cyto-
plasm and one on 
the cellular surface

Some particle 
were observed on 
the cellular surface 
and few in the 
cytoplasm  

Rarely particles 
were found on the 
cellular surface 

Rarely found: < 10 particles; few: 10-19 particles; some: 20-49 particles, moderate number: 50-99 
particles; many: > 100 particles. 
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Measurement of diameter 
To acquire the size of the agglomerates found, the diameter of these particles were 
manually measured using the AxioVision 4.8.1 software (Zeiss):  
 

 
 
Fig. 4.1 Calu-3 cells treated with TiO2 P25 after 1 hr 
 

 
 
Fig. 4.2 Calu-3 cells treated with TiO2 P25 after 24 hrs 
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Fig. 4.3 TiO2 P25 nanoparticles on the cellular surface of a Calu-3-cell after  

24 hrs of treatment 
 
Calu-3 cells: Treated with TiO2 T805 after 1 hr and 24 hrs 
No particles found 
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Fig. 4.4 Calu-3 cells treated with zinc oxide particles <50 nm after 1 hr 
 

 
 
Fig. 4.5 Zinc oxide nanoparticles <50 nm on the surface of Calu-3-cells after 1 hr 

of treatment 
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Calu-3 cells treated with zinc oxide particles <50 nm after 24 hrs as well as with zinc 
oxide particles <100 nm after 1 hr and 24 hrs 
No particles found 
 

 
 
Fig. 4.6 Calu-3 cells treated with PRINTEX® 90 after 1 hr 
 

 
 
Fig. 4.7 Calu-3 cells treated with PRINTEX® 90 after 24 hrs 
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Fig. 4.8 PRINTEX® 90 particles on the surface of a Calu-3-cell after 1 hr of  
 treatment 
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Fig. 4.9 16HBE140-cells treated with TiO2 P25 after 1 hr 
 

 
 
Fig. 4.10 16HBE140-cells treated with TiO2 P25 after 24 hrs 
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Fig. 4.11 TiO2 P25 nanoparticles on the cellular surface of a 16HBE140-cell after 

1 hr of treatment 
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16HBE140-cells treated with TiO2 T805 after 1 hr  
No particles found 
 

 
 
Fig. 4.12 16HBE140-cells treated with TiO2 T805 after 24 hrs 
 

 
 
Fig. 4.13 TiO2 T805 nanoparticles on the cellular surface of a 16HBE140-cell after 

24 hrs of treatment 
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16HBE140-cells treated with zinc oxide particles <50 nm after 1 hr 
No particles found 
 

 
 
Fig. 4.14 16HBE140-cells treated with zinc oxide particles <50 nm after 24 hrs 
 

 
 
Fig. 4.15 Zinc oxide nanoparticles <50 nm in the cytoplasm of a 16HBE140-cell 

after 24 hrs of treatment 
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16HBE140-cells treated with zinc particles <100 nm after 1 hr and 24 hrs as well as 
with PRINTEX® 90 after 1 hr 
No particles found 
 

 
 
Fig. 4.16 16HBE140-cells treated with PRINTEX® 90 after 24 hrs 
 

 
 
Fig. 4.17 PRINTEX® 90 particles in the cytoplasm of a 16HBE140-cell after 

24 hrs of treatment 
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Fig. 4.18 A549-cells treated with TiO2 P25 after 1 hr 
 

 
 
Fig. 4.19 A549-cells treated with TiO2 P25 after 24 hrs 
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Fig. 4.20 TiO2 P25 nanoparticles in the cytoplasm (lamellar body) of a A549-cell  

after 24 hrs of treatment 
 



 49

 
 
Fig. 4.21 A549-cells treated with TiO2 T805 after 1 hr 
 

 
 
Fig. 4.22 A549-cells treated with TiO2 T805 after 24 hrs  
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Fig. 4.23 TiO2 T805 nanoparticle on the cellular surface of a A549-cell after  

1 hr of treatment 
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Fig. 4.24 A549-cells treated with zinc oxide particles <50 nm after 1 hr 
 

 
 
Fig. 4.25 A549-cells treated with zinc oxide particles <50 nm after 24 hrs 
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Fig. 4.26 Zinc oxide nanoparticles <50 nm in the cytoplasm (lamellar body) of a 

A549-cell after 24 hrs of treatment 
 
A549-cells treated with zinc oxid particles <100 nm after 1 hr and 24  hrs 
No particles found 
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Fig. 4.27 A549-cells treated with PRINTEX® 90 after 1 hr 
 

 
 
Fig. 4.28 A549-cells treated with PRINTEX® 90 after 24 hrs 
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Fig. 4.29 PRINTEX® 90 particles in the cytoplasm (composite body) of a A549-cell 

after 24 hrs of treatment 
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Fig. 4.30 LK004-cells treated with TiO2 P25 after 1 hr 
 
 

 
 
Fig. 4.31 LK004-cell treated with TiO2 P25 after 24 hrs 
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Fig. 4.32 TiO2 P25 nanoparticles in the cytoplasm of a LK004-cell after 24 hrs  

of treatment 
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Fig. 4.33 LK004-cells treated with TiO2 T805 after 1 hr 
 

 
 
Fig. 4.34 LK004-cells treated with TiO2 T805 after 24 hrs 
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Fig. 4.35 TiO2 T805 nanoparticle on the cellular surface of a LK004-cell after 1 hr 

of treatment 
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Fig. 4.36 LK004-cells treated with zinc oxide particles <50 nm after 1 hr 
 

 
 
Fig. 4.37 LK004-cells treated with zinc oxide particles <50 nm after 24 hrs 
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Fig. 4.38 Zinc oxide nanoparticles <50 nm in the cytoplasm of a LK004-cell after 

24 hrs of treatment 
 
LK004-cells treated with zinc particles <100 nm after 1 hr and 24 hrs  
No particles found 
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Fig. 4.39 LK004-cells treated with PRINTEX® 90 after 1 hr 
 

 
 
Fig. 4.40 LK004-cells treated with PRINTEX® 90 after 24 hrs 
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Fig. 4.41 PRINTEX® 90 particle on the cellular surface of a LK004-cell after 24 hrs 

of treatment 
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4.2 In vivo Experiments 
 
4.2.1 Intratracheal Instillation 
 
Intratracheal instillation as a low-cost screening-method allowed to investigate up to 4 
exemplary types of nanoparticles (commercially available; reference data existing in 
the literature) in vivo. Thus, the ag-/deglomeration behaviour of various nanoparticle 
types could be analysed.  
 
Table 4.2 Intratracheal instillations: Experimental design 
 
Intratracheal instillation, single dose e.g. approx. 0.3 mg per rat in phosphate buffer; 

e.g. TiO2, amorphous SiO2, carbon black, ZnO, constantan a; all as nanoparticles 
Comparison of a maximum of 5 dif-
ferent commercial nanoparticle types 
Dispersion e.g. in physiological phosphate 
buffer (Ultra-Turrax; ultrasonification; target 
diameter: e.g. approx. 100 nm) 

Time-point of investigation after 
acute exposure (days) 

Number of 
animals 

1 h 5 
1 5 

5 b  5 

Instillation of a nanoparticle suspen-
sion with number-based median of 
approx. 100 nm  
 28 5 
Measurements • Before administration: Determination of the particle ag-

glomerate size using the ZetaSizer® 
• At scheduled dates: 

o Bronchoalveolar lavage (BAL) with determination of 
agglomerate sizes c 

o Investigation of lung sections/LALN as well as blood, 
urine and remote organs, i.e. spleen, liver and kid-
neys on nanoparticles; whole body perfusion fixation 
post mortem with uranyl acetate to guarantee the 
optimal consistence of the surfactant ultrastructure 
(SEM/TEM method) 

a Constantan is a copper-nickel alloy usually consisting of 55 % copper,44 % nickel and 1 % mangane. Its main 
feature is its resistance which is constant over a wide range of temperatures. 
Note: During the BAuA-ITEM meeting on April 2, 2009 silver or copper were discussed as candidates for the 
spark generator aeroal; however, technical trials revealed that both metals where not optimal. 
b The originally appointed days 3 and 7 have been merged to day 5. 
c Supplementing method to the scheduled acellular in vitro surfactant models 
Originally the 100 nm size range should be compared to the 500 nm size range. However, instillation of a 
nanoparticle suspension with number-based median of approx. 500 nm was technically difficult because at this 
particle size range the stability of agglomerate sizes was not achievable. 
 

On the next pages the measurements on particle stock suspensions including control 
of the stability are presented for TiO2 P25, TiO2 T805 and constantan.  

http://en.wikipedia.org/wiki/Copper
http://en.wikipedia.org/wiki/Nickel
http://en.wikipedia.org/wiki/Electrical_resistance


 64

Hydrodynamic diameter (nm) 

0

2

4

6

8

10

0.1 1 10 100 1000 10000

In
te

ns
ity

 (%
)

Size (d.nm)

Size Distribution by Intensity

Record 168: P25 Stamm für HV am 07.07.10 2  
 
ζ potential (mV) 

0

100000

200000

300000

400000

500000

-200 -100 0 100 200

To
ta

l C
ou

nt
s

Zeta Potential (mV)

Zeta Potential Distribution

Record 171:  2  
 
Fig. 4.42 Characterisation of stock suspension TiO2 P25 on day of administration 
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Fig. 4.43 Characterisation of stock suspension TiO2 P25 after 17 further hours 
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Fig. 4.44 Characterisation of stock suspension TiO2 T805 on day of administration 
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Fig. 4.45 Characterisation of stock suspension TiO2 T805 after 24 further hours 
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Fig. 4.46  Characterisation of stock suspension Constantan on day of  

administration 
 
Table 4.3 Stock suspensions used for intratracheal instillation of rats with sacrifices 

used for TEM analysis after 1 hour, 1, 5 and 28 days 
 

Substance/ 
particle type 

 

Concentration 
(%) 

Medium Z-Average 
(nm) 

ζ potential  
(mV) 

TiO2 P25  
212 

 
-55 

after 17 h 

 
0.1 %  

0.15 %  
Na2HPO4 buffer 

216 n.m. 
TiO2 T805  

180 
 

-24 
after 24 h 

 
0.1 %  

0.15 %  
Na2HPO4 buffer 

180 n.m. 
 

Constantan  
0.1 % 

0.15 %  
Na2HPO4 buffer 

 
436 

 
-41 
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4.2.2 TEM Analysis 
 
The tissue was investigated in detail by thoroughly looking at it at a magnification of 
10.000x. If particles were found resembling nanoparticles the magnification was in-
creased up to 80.000x to verify the observation. 
 
TiO2 P25 and TiO2 T805 
One hour after instillation most of the particle found were within the lung lining fluid or 
attached to the cellular surface of the alveolar lining epithelium of alveolar macro-
phages. However, some particles were observed within the cytoplasm of alveolar 
macrophages and pneumocytes type I. The localization of the particles changed in 
the following time points investigated (1 day, 5 days and 28 days) from extracellular 
to more or exclusive intracellular. 
 
Measurement of diameter 
To acquire the size of the agglomerates found, the diameter of 50 to 200 of these 
particles were manually measured using the AxioVision 4.8.1 software (Zeiss).  
 

 
 
Fig. 4.47  Lung 1 hour after instillation of TiO2 P25  
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Fig. 4.48   TiO2 P25 nanoparticle within the surfactant 1 hour after instillation 
 

 
 
Fig. 4.49   Lung 1 day after instillation of TiO2 P25 
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Fig. 4.50   Lung 5 days after instillation of TiO2 P25 
 

 
 
Fig. 4.51   Lung 28 days after instillation of TiO2 P25 
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Fig. 4.52   TiO2 P25 nanoparticles within a macrophage 28 days after instillation 
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Fig. 4.53   Lung 1 hour after instillation of TiO2 T805 
 

 
 
Fig. 4.54   TiO2 T805 nanoparticles within the lung lining fluid 1 hour after instillation 
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Fig. 4.55   Lung 1 day after instillation of TiO2 T805 
 

 
 
Fig. 4.56   Lung 5 days after instillation of TiO2 T805 
 

 
 
Fig. 4.57   Lung 28 days after instillation of TiO2 T805 
 



 73

 
 
Fig. 4.58   TiO2 T805 nanoparticles within a macrophage 28 days after instillation 
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Constantan 
Following instillation of constantan into the lung only single particles were found. 
Therefore, a proper analysis was not possible.  
 
Examples of particles observed: One particle measuring 735 nm in diameter was 
found in the cytoplasm 5 days after instillation (see figure 4.59). 
 

  
 
Fig. 4.59   Constantan nanoparticle within a macrophage 5 days after instillation 
 
However, many particles might be missed since the primary particles of constantan 
were only approximately 5 nm in diameter and not very electron dense (see figure 
4.60). 
 

 
 
Fig. 4.60   Constantan nanoparticles within lung lining fluid 28 days after instillation 
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Table 4.4   Stock suspensions used for intratracheal instillation of rats with sacrifices 
used for BAL analysis after 15 min, 1, 4 and 24 hours 

 
Substance/ 
particle type 

Concentration 
(%) 

Medium Z-Average 
(nm) 

ζ potential 
(mV) 

TiO2 P25  
0.2  

0.15 %  
Na2HPO4 buffer 

 
192 

 
-47 

 
TiO2 T805 

 
168 

 
n.m. 

TiO2 T805  
after 17 h 

 
 

0.2 

 
0.15 %  
Na2HPO4 buffer 
0.1 % Tween 80 

 
169 

 
n.m. 

Constantan  0.15 %  
Na2HPO4 buffer 

  

Printex 90 fine  
0.1  

Dispersion medium 
(Porter et al., 2008) 

 
225 

 
-1,3 

Printex 90 coarse  
0.1 

Dispersion medium 
(Porter et al., 2008) 

 
475 

 
n.m. 
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Fig. 4.61   Characterisation of stock suspension TiO2 P25 on day of administration 
 
Table 4.5   BAL: TiO2 P25-treated rats 
 

 Attenuator 
set to step 

6 

Position 
(mm) 
(auto) 

Count 
rate 

(kcps) 
Stock  
suspension 

3 
(auto) 

 
1.05 

 
450 

Control 6 1.05 52 
BAL 15 min 6 4.65 82 
BAL 1 h 6 4.65 70 
BAL 4 h 6 4.65 75 
BAL 24 h 6 1.05 93 
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Fig. 4.62   Control BAL 15 min following intratracheal instillation of 0.15 %  

phosphate buffer. Lavage: 1 x 5 ml 0.15 % phosphate buffer 
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Fig. 4.63   BAL 15 min following intratracheal instillation of TiO2 P25 
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Fig. 4.64   BAL 1 h following intratracheal instillation of TiO2 P25 
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Fig. 4.65   BAL 4 h following intratracheal instillation of TiO2 P25 
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Fig. 4.66   BAL 24 h following intratracheal instillation of TiO2 P25 
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Fig. 4.67   Characterisation of stock suspension TiO2 T805 on day of administration 
 
Table 4.6   BAL: TiO2 T 805-treated rats 
 
 Attenuator 

set to step 
6 

Position 
(mm) 
(auto) 

Count 
rate 
(kcps) 

Stock  
suspension 

2 
(auto) 

 
1.05 

 
374 

Control 6 1.05 157 
BAL 15 min 6 1.05 622 
BAL 1 h 6 1.05 591 
BAL 4 h 6 0.85 384 
BAL 24 h 6 4.65 97 

 

0

5

10

15

20

25

0.1 1 10 100 1000 10000

In
te

ns
ity

 (%
)

Size (d.nm)

Size Distribution by Intensity

Record 129: T805 Stammlösung  1Tag 1
Record 304: Kontroll-BAL NACL-Spülung 15 min Att=6  Pos=1,05 2  

 
Fig. 4.68   Control BAL 15 min following intratracheal instillation of 0.15 % saline.  

Lavage: 1 x 5 ml saline 
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Fig. 4.69   BAL 15 min following intratracheal instillation of TiO2 T805 
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Fig. 4.70   BAL 1 h following intratracheal instillation of TiO2 T805 
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Fig. 4.71   BAL 4 h following intratracheal instillation of TiO2 T805 
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Fig. 4.72   BAL 24 h following intratracheal instillation of TiO2 T805 
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Fig. 4.73   TiO2 P25: BAL 1 h after intratracheal instillation; agglomerate size  

inhomogeneous; agglomerates from 166 to 1000 nm; 40.6k magnification  
 

 
 
Fig. 4.74   TiO2 T805: BAL 1 h after intratracheal instillation; agglomerate size 

homogeneous; small agglomerates; 41.2k magnification 
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Fig. 4.74A TiO2 T805 nanoparticles floating on the lung lining fluid or attached to  

cellular surfaces 1h after intracheal instillation to lungs  
 

 
 
Fig. 4.74B  TiO2 T805 nanoparticles intracellular in a macrophage 24 hrs after  

intracheal instillation to lungs  
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Fig. 4.75   Characterisation of stock suspension Carbon black Printex® 90 fine on 

day of administration 
 
ζ potential (mV): not measured 
 
Table 4.7   BAL: Printex® 90 fine-treated rats 
 
 Attenuator 

set to step 
6 

Position 
(mm) 

(auto or set)

Count 
rate 

(kcps) 
Stock  
suspension 

 
6 

 
0.85 

 
1740 

Control 6 1.05 115 
BAL 15 min 6 1.05 248 
BAL 1 h 6 1.05 161 
BAL 4 h 6 1.05 144 
BAL 24 h 6 1.05 102 

- A reduction in the count rate with time is evident. 
- Curves at different timepoints are similar (no change in size)  
- BAL fluid did barely contain Printex® 90; in the cell sediment a very 
  slight black discoloration was visible 
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Fig. 4.76   Control BAL 15 min following intratracheal instillation of 0.15 % saline. 

Lavage: 1 x 5 ml dispersion medium (DM) 
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Fig. 4.77   BAL 15 min following intratracheal instillation of Printex® 90 fine 
 

0

5

10

15

0.1 1 10 100 1000 10000

In
te

ns
ity

 (%
)

Size (d.nm)

Size Distribution by Intensity

Record 231: Printex 90 /Att=6/0.1% im DMedium/50min Utur St3 +3minUSChSt Wdh+20min Uschall 3
Record 264: Printex 90 0.1% in DM BAL 1h , Att=6   Pos=1,05 2  

 
Fig. 4.78   BAL 1 h following intratracheal instillation of Printex® 90 fine 
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Fig. 4.79   BAL 4 h following intratracheal instillation of Printex® 90 fine 
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Fig. 4.80   BAL 24 h following intratracheal instillation of Printex® 90 fine 
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Fig. 4.81   Printex® 90 fine: stock solution 
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Fig. 4.82   Characterisation of stock suspension Carbon black Printex® 90 coarse  

on day of administration 
 
ζ potential (mV): not measured 
 
Table 4.8   BAL: Printex® 90 coarse-treated rats 
 
 Attenuator 

set to step 
6 

Position 
(mm) 

(auto or set)

Count 
rate 

(kcps) 
Stock  
suspension 

3 
(auto) 

 
0.85 

 
52 

Control 6 1.05 115 
BAL 15 min 6 1.05 105 
BAL 1 h 6 1.05 120 
BAL 4 h 6 1.05 135 
BAL 24 h 6 1.05 - 

- A reduction in the count rate with time is evident. 
- Curves at different timepoints are similar (no change in size)  
- BAL fluid did barely contain Printex® 90; in the cell sediment a very 
  slight black discoloration was visible 
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Fig. 4.83   Control BAL 15 min following intratracheal instillation of 0.15 % saline. 

Lavage: 1 x 5 ml dispersion medium (DM) 
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Fig. 4.84   BAL 15 min following intratracheal instillation of Printex® 90 coarse  
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Fig. 4.85   BAL 1 h following intratracheal instillation of Printex® 90 coarse 
 

0

5

10

15

0.1 1 10 100 1000 10000

In
te

ns
ity

 (%
)

Size (d.nm)

Size Distribution by Intensity

Record 279: grob Printex 90 0.1% in DM 13min UschB+8 min Utr/St3 1
Record 300: grob Printex 90 0.1% /4h   Att=6   Pos=1,05  1  

 
Fig. 4.86   BAL 4 h following intratracheal instillation of Printex® 90 coarse 
 
BAL 24 h following intratracheal instillation of Printex® 90 coarse not measured 
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4.2.3 Acute Inhalation 
 
4.2.3.1 Design of Acute Studies 
 
Acute Inhalation Exposures 
Four separate single nose-only exposures, each lasting 6 hours were conducted gen-
erating nanoaerosols 

i.) by erosion of a constantan electrode (spark generator) without aerosol  
aging; 

ii.) by erosion of a constantan electrode (spark generator) with aerosol aging; 
iii.) by aerosolization of an aqueous dispersion of a constantan particle fraction 

with pressurised air; 
iv.) by aerosolization of an aqueous dispersion of an Eu2O3 particle fraction 

with pressurised air. 
 

The aim was to deposit as much test material as possible in the rats' lungs during a 
single exposure (the maximum period possible is 6 hrs per day in the nose-only set-
up) and to follow up the fate of the test material after 1 hr, 1 day, 5 days and 28 days 
by TEM analysis. 
However, acute inhalation at the given low aerosol concentrations avoids induction of 
considerable respiratory tract inflammation, a finding observed after repeated expo-
sure and accompanied by an influx of various proteins. These proteins can impact 
actively the pulmonary surfactant. 
 
Animals 
Female Wistar rats [strain: Crl: WI (WU)], approx. 12 weeks old and accustomed to 
the nose-only exposure tube for 3 weeks were used for the acute inhalation experi-
ments. 
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Table 4.9   Design of the acute inhalation studies 
 
Acute Exposure: 6 hrs 
Nanoparticle originating from spark generator process, here: Constantan 
 
2 particle sizes in the nanoparticle or 
close to nano-size range; Aerosolisa-
tion: Palas generator 

Time-point of investigation after 
acute exposure (days) 

Number of  
animals/ 
analysis 

1 h 3 TEM 
  1 3 TEM 
   5 3 TEM 

1. Inhalation 
Exposure to nanoparticle aerosol with 
mean mobility diameter of 43 nm  

28 3 TEM 
1 h 3 TEM 
  1 3 TEM 
   5 3 TEM 

2. Inhalation 
Exposure to nanoparticle aerosol with 
mean mobility diameter of 124 nm 

28 3 TEM 
 
Acute Exposure: 6 hrs 
Nanoparticle originating from particle suspension, here: constantan and Eu2O3 in phosphate 
buffer/BSA 
 
 Time-point of investigation after 

acute exposure (days) 
Number of  

animals 
1 h 3 TEM 
  1 3 TEM 
   5 3 TEM 

3. Inhalation → Constantan 
Exposure to nanoparticle aerosol, 
41.6 mg/m3 for mixed particle or 
14 mg/m3 for constantan, 
MMAD: 1.37 µm; GSD: 1.53 
 

28 3 TEM 

1 h 3 ToxKin + 1 TEM 
  1 3 ToxKin + 1 TEM 

4. Inhalation 
Exposure to nanoparticle aerosol, 
47.7 mg/m3 for mixed particle or 
16 mg/m3 for Eu2O3 (translocation study) 
MMAD: 1.35 µm; GSD: 1.65 

   5 3 ToxKin + 1 TEM 

Whole body perfusion fixation post mortem with uranyl acetate to guarantee the optimal consistence of 
he surfactant ultrastructure (SEM/TEM method) t 

Investigation of lung sections/LALN (as well as blood, urine) and remote organs, i.e. spleen, liver and 
idneys on nanoparticles (SEM/TEM method) k 

Bronchoalveolar lavage (BAL) with determination of agglomerate sizes was not possible because of 
the very low retained particle amounts during a 6-hr period 
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4.2.3.2 Constantan (Nanoparticles Generated by Electrode Erosion - small) 
 
For direct exposure of aerosols generated by the spark process, the generator was 
operated with an argon flow rate of 3.5 l/min. For case i (without ageing), this stream 
was immediately diluted with approximately 31 l/min compressed air and was directly 
fed into the nose-only inhalation chamber.   
The aerosol atmosphere in the exposure chamber was controlled continuously using 
an electrical mobility spectrometer (Model 3071/3025, TSI, Germany) for the particle 
number-size distribution. A complete particle size distribution was available at inter-
vals of 15 minutes. 
During exposure to the nanoscaled constantan the average number concentration 
was 9.6·106 [1/cm³]. The average size distribution is characterized by a mean mobility 
diameter of 43 nm and a geometric standard deviation of 1.9.The average tempera-
ture in the chamber was 20.9°C and the relative humidity was 31.7 %. Assuming a 
respiratory minute volume of 0.2 L/min, a surface area of 0.4 m² and a deposition 
efficiency of 50 % the particle loading of the lung surface after 6 hours of exposure is 
108 [1/cm²]= 1 [1/µm²]. 
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Fig. 4.87   Number concentration during the six hours exposure to nanoscaled  

constantan 
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Fig. 4.88   Average size distribution based on 26 measurements 
 
 

 
 
Fig. 4.89   Constantan particle detected 1 h after end of inhalation in the cytoplasm 

of an epithelial cell (size: approx. 100 nm) 
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4.2.3.3 Constantan (Nanoparticles Generated by Electrode Erosion -  
larger by ageing) 

 
For direct exposure of aerosols generated by the spark process, the generator was 
operated with an argon flow rate of 3.5 l/min. For case ii (with aging) a first step dilu-
tion was 20 l/min. This aerosol stream was first passed through a 10 l ageing cylin-
der. It was then further diluted by 20 l/min compressed air and entered the inhalation 
chamber.   
During exposure to the non-nanoscaled constantan the average number concentra-
tion was 4.6·105 [1/cm³]. The average size distribution is characterized by a mean 
mobility diameter of 124 nm and a geometric standard deviation of 1.9. The average 
temperature in the chamber was 21.0°C and the relative humidity was 61.2 %. Here, 
the lung loading of particles is about 6·106 [1/cm²]=0.06 [1/µm²]. 
 

  

0.E+00

1.E+05

2.E+05

3.E+05

4.E+05

5.E+05

6.E+05

0 100 200 300 400

time [min]

co
nc

en
tra

tio
n 

[ 1
/c

m
³ ]

 
Fig. 4.90   Number concentration during the six hours exposure to 

non-nanoscaled constantan 
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Fig. 4.91   Average size distribution based on 26 measurements   
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4.2.3.4 Constantan (from aqueous suspension) 
 
A single 6-hr inhalation was performed.  
Considerable amounts of constantan had been generated by manifold repetition of 
the spark generation process above described yielding approx. 10 mg per day. A to-
tal of 650 mg constantan was collected by filtering and used for a 6-hr inhalation. In 
this particle fraction consisting of the primary particles aerosol concentration the par-
ticles stick together while filtered, however, a re-dispersion in aqueous medium was 
more effective than found for other nanoscaled bulk materials (e.g. TiO2 or carbon 
black - Printex 90). It seems that only agglomerates, however, no aggregates existed 
in the constantan particle fraction thus facilitating a re-dispersion. 
Constantan was dispersed in a phosphate buffer with adding bovine serum albumin 
(0.15 w-% constantan, 0.15 w-% di-sodium-phosphate, 0.15 w-% BSA).  
The particulate sample aerosol was generated by dispersing the aqueous suspension 
of constantan. After evaporation of water from the droplet aerosol the aerosol con-
centration was 41.6 ± 5.4 mg/m3 for the mixed constantan/phosphate/albumin parti-
cles corresponding to a constantan concentration of 13.9 mg/m3. The mass median 
aerodynamic diameter (MMAD) was 1.37 µm with a geometric standard deviation 
(GSD) of 1.53. According to the MPPD model v 2.11 (MPPD) the pulmonary deposi-
tion rate for the mixed particles is 6.7 % for the pulmonary region (deep lung), 2.7 % 
for the tracheo-bronchiolar region and 50.6 % for the head region. This results in a 
deposited mass of approx. 94 µg/6 hrs in the P + TB regions and approx. 67 µg/6 hrs 
in the P region. 
 
The aerosol was generated by a high-pressure pneumatic disperser. The disperser 
was fed with the constantan suspension under computerized control, i.e. with a feed 
back loop to the actual aerosol concentrations measured by an aerosol photometer 
(see Figure 4.92). 
The photometer gives a scattering light signal which is proportional to the particle 
concentration, if the particle size distribution is constant. The ratio between photome-
ter signal and concentration wasdetermined throughout the study by comparing to 
gravimetric concentrations. 
 
The aerosol was given to the rats by a direct flow nose-only inhalation exposure sys-
tem which was used for previous particle and fiber inhalation studies at Fraunhofer 
ITEM. In this system, aerosols are supplied to each rat individually, and exhaled air is 
immediately exhausted. The airflow to each rat is approximately 1 l/min which is cal-
culated to be laminar.  
 
Air flow, temperature and relative humidity were measured continuously and re-
corded by 20-minute means. The limits were set at 22° C + 2° C for temperature and 
55 % + 15 % for relative humidity. Animal room lighting was on a 12-hour light/dark 
cycle controlled by an automatic timing device. The airflow, the temperature and the 
relative humidity was monitored continuously and recorded as 20 min mean values. 
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Fig. 4.92   Aerosol generation set-up 
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Fig. 4.93   Stock suspension constantan 
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Fig. 4.94   Suspension of constantan collected by impinger (Z-average: 281 nm) 
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The mean aerosol concentration for the 6-hr period was 41.6 mg/m3 for the dry mixed 
particle  
For exposure to the test item the rats will be restrained in acrylic tubes with a flexible 
stopper. The exposure tubes are arranged around a cylinder capable to take up 16 
tubes per platform. The rat nose is located at the front end of a tube being connected 
to a cylinder delivering the aerosol. Through the thin pipes, the aerosol is supplied to 
each rat nose individually and exhaled air is drawn off immediately by a cylinder sur-
rounding the aerosol delivering cylinder. The position of exposure tubes of rats at the 
cylinder is changed daily according to a rotation plan to minimize exposure differ-
ences due to geometry. The exposure units (4 units) are located each under a sepa-
rate hood to prevent contamination among different dose groups. 
Overall, within all three groups which inhaled Constantan, only single particles were 
observable (see figure 4.89). The amount was lower when compared to the Constan-
tan instillation group. Therefore, a proper investigation could not be conducted.  
 
4.2.3.5 Europiumoxid (Eu2O3) 
 
A single 6-hr inhalation was performed.  
Eu2O3 was dispersed in a phosphate buffer with added bovine serum albumin (0.1 w-
% Eu2O3, 0.15 w-% di-sodium-phosphate, 0.25 w-% BSA). The mean aerosol con-
centration for the 6-hr period was 45.1 ± 7.9 mg/m3 for the dry mixed particle corre-
sponding to a Eu2O3 concentration of 9.0 mg/m3. The mass median aerodynamic di-
ameter (MMAD) was 1.35 µm with a geometric standard deviation (GSD) of 1.65. 
According to the MPPD model v 2.11 (MPPD) the pulmonary deposition rate for the 
mixed particles is 6.1 % for the pulmonary region (P = deep lung), 2.4 % for the tra-
cheo-bronchiolar region (TB) and 50.7 % for the head region (H). This results in a 
deposited mass of approx. 55.1 µg/6 hrs in the P + TB regions and 39.5 µg/6 hrs in 
the P region only. 
 
Table 4.10  Design of the acute inhalation test with Eu2O3 

 

Consecutive 
animal no. 

Endpoint Sacrifice after 
hours/days 

Organs - chemical  
analysis on Eu2O3 

 
1-3 

 
ToxKin 

4 TEM 

1 hr 

 
5-7 

 
ToxKin 

8 TEM 

1 day 

 
9-11 

ToxKin 

12 TEM 

5 days 

 
Lungs 
Brain 

Spleen 
Kidneys 
Adrenals 
Thymus 

Liver 
Heart 
LALN 
MLN 

Testes 
Epididymides 

Blood 
Urine and feces 
(after 1 and 5 days) 
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Fig. 4.95   Stock suspension europium oxide 
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Fig. 4.96   Suspension of europium oxide collected by impinger 
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Table 4.11 Results of chemical analysis 
 
 Retained europium oxide per organ - means (n=3) 

 
 ng/organ % of lungs ng/organ % of lungs ng/organ % of lungs 
Preserved 
organs 

1 hour 1 day 5 days 

Lungs 36,779  34,467  35,047  
Brain 2.2 0.006 3.8 0.011 3.1 0.009 
Spleen 8.3 0.023 2.9 0.008 3.9 0.011 
Kidneys 5.7 0.016 5.5 0.016 10.8 0.031 
Adrenals <1 <0.003 <1 <0.003 <1 <0.003 
Thymus 1.3 0.004 1.6 0.005 37.7 0.108 
Liver 32.3 0.088 93.8 0.272 294 0.854 
Heart 1.9 0.005 1.6 0.005 22.9 0.065 
LALN 4.7 0.013 276 0.801 536 1.529 
MLN <1 <0.003 6.5 0.019 <1 <0.003 
Testes 2.5 0.007 3.1 0.009 16.0 0.046 
Epididymides 1.2 0.003 <1 0.003 <1 <0.003 
Blood 4.8 0.013 <1 0.003 <1 <0.003 
Urine n.m. n.m 32.5 0.094 13.9 0.040 
Feces n.m. n.m 70,472  5200  
Drinking water: < 0.001 µg/l 
Food: < 0.001 µg/g 

LALN: lung associated lymph nodes; MLN: mesenteric lymph nodes; n.m.: not measured 
 
One hour after end of exposure 36.8 µg were determined in lungs, i.e approx. 90 % 
of the amount predicted by the MPPD model. 
  
TEM analysis 
TEM analysis to be done for rat lungs to check the agglomerate status and for livers 
to check whether the detected Eu2O3 is dissolved material only or if Eu2O3 particulate 
form can be identified in this remote organ. 
 
Following inhalation of Eu2O3 particles were found within the lung lining fluid and at-
tached to the cellular surface of the alveolar epithelial cells. Interestingly, 1 and 5 
days after inhalation the particles were still predominantly found within the alveolar 
space in the lung lining fluid or attached to cells. However, the amount of particles 
observed was low. Therefore a proper investigation of the size of these particles was 
not possible. Furthermore, the particle revealed a quite irregular surface (see the fol-
lowing figures) complicating the measurement of the diameter.  
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Examples of particles found 1 hour after inhalation of Eu2O3: 

 

 
 
Fig. 4.97   Eu2O3 nanoparticle attached to surfactant 1 hour after instillation 
 

 
 
Fig.  4.98   Eu2O3 nanoparticle attached to cellular surface 1 hour after instillation 
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Examples of particles found 1 day after inhalation of EusO3: 

 

 
 
Fig. 4.99   Eu2O3 nanoparticle attached to cellular surface 1 day after inhalation 
 

 
 
Fig. 4.100   Eu2O3 nanoparticles attached to cellular surface 1 day after inhalation 
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Examples of particles found 5 days after inhalation of Eu2O3: 

 

 
 
Fig. 4.101   Eu2O3 nanoparticles within lung lining fluid 5 days after inhalation 
 

 
 
Fig. 4.102   Eu2O3 nanoparticles within lung lining fluid 5 days after inhalation 
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Since an increased amount of Europium was also found in the liver, this organ was 
investigated as well. Three to four pieces per animal were examined. However, no 
particles resembling nanoparticles were observed. 
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5 Discussion and conclusions 
 
5.1 Preparation of Particle Suspensions 
 
Various approaches applied in the project demonstrated that it is feasible to prepare 
stable, at least partially nanoscaled particle suspensions of the selected nanoscaled 
bulk powders in physiological media. The particle suspensions generated with a vig-
orous mechanical treatment and using various methods in combination, showed an 
evident moiety of particles with a diameter below the 100 nm definition threshold. 
This is evident after evaluation of the Z-average particle diameter data and, in par-
ticular, when calculating the number-weighted particle diameters.   
Trials to prepare stable particle suspensions with a mean size in the range of 500-
1000 nm were not satisfactory. It is difficult to establish mean size values in the mi-
croscaled particle range stable for substantial time periods.  
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Fig. 5.1   Particle size distribution plotted in the intensity, number- or volume-

weighted (ZetaSizer®) mode 
 
 
5.2 In vitro Approaches 
 
Overall, the Calu-3-cells showed only small amounts of nanoparticles independent of 
the kind of particles used. Though the 16HBE140-cells exhibited higher amounts of 
particle when compared to the Calu-3-cells, the numbers were still not reasonable 
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high enough to do a proper interpretation of the results. The most useful cell types 
which showed the highest amount of particles compared to the other cells used were 
A549-cells and LK004-cells. 
 
After one hour of treatment the nanoparticles were predominantly found attached to 
the cellular surface whereas after 24 hours these particles were mainly within the 
cells.  
 
For statistical analysis the program Statistica Version 9.1 (StatSoft, Inc., USA) was 
used. To compare the sizes of the different particles after one and 24 hours, the data 
acquired from the different cell types per nano particle were merged and a t-test was 
applied. To achieve a normal distribution of the data for statistical analysis they had 
to be logarithmically transformed. Comparing the TiO2 P25 after one hour and after 
24 hour the sizes of the agglomerates tend to increase (p=0.078; see figure 5.2). In 
contrast, the ZnO <50 nm particles were statistically significant smaller after 24 hours 
(p=0.007; see figure 5.4). Moreover, at the time points these particles were detected 
they seem to be in the process of falling apart or only loosely attached to one another 
(see figures 4.26 and 4.38). The other detected particles, TiO2 T805 and PRINTEX® 
90, showed no changes in size over the time period examined (p=0.411 and p=0.257, 
respectively; see figures 5.3 and 5.5). Surprisingly, ZnO < 100 nm were not detected 
in any cell system and at any time point investigated.  
Though the diameter of the different nano particle agglomerates have been meas-
ured the real the diameter might be underestimated since these diameter were 
measured on a 70 nm thick slide representing a more or less 2 dimensional image of 
the three dimensional structures. 
 

 
 
Fig. 5.2   Comparison of the diameters of TiO2 P25 nanoparticles after 1 hr and 

24 hrs of treatment 
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Fig. 5.3   Comparison of the diameters of TiO2 T805 nano particles after 1 hr and 

and 24 hrs of treatment 
 
 

 
 
Fig. 5.4   Comparison of the diameters of the zinc oxide nanoparticles <50 nm after 

1 hr and 24 hrs of treatment 
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Fig. 5.5   Comparison of the diameters of the PRINTEX® 90 particles after 1 hr and 

24 hrs of treatment 
 
 

5.3 In vivo Approaches 
 
5.3.1 Analysis of Changes in Particle Size after Intratracheal Instillation in 

Rats 
 
TEM Analysis 
TEM analysis of lungs after intratracheal instillation of nanoparticles showed the ten-
dency of agglomerate size enlargment for TiO2 P25 when reaching the lung lining 
fluid and getting in contact to cells of the respiratory tract (as observed in the in vitro 
experiment). 
Only both TiO2 P25 and TiO2 T805 particles revealed enough data to apply statistical 
analysis. For that procedure the program Statistica Version 9.1 (StatSoft, Inc., USA) 
was used. To achieve a normal distribution of the data for statistical analysis they had 
to be transformed logarithmically. A two factorial (to examine the influence of the kind 
of particle used and the time after treatment) and a one factorial (to examine only the 
influence of the time after treatment particle wise) ANOVA was conducted. The ex-
amination of the influence of the time after treatment separately done for TiO2 P25 
and TiO2 T805 showed for both particles a strong statistical significance (p<0.01 and 
p<0.01, respectively, see Tables 5.1 and 5.2). 
 
 



 106

Table 5.1   One factorial ANOVA of the time after treatment with TiO2 P25 
 

 
 
 
 

 
 
Fig. 5.6   Diameter of the TiO2 P25 particles at different time points after instillation 
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Table 5.2   One factorial ANOVA of the time after treatment with TiO2 T805 
 

 
 
 

 
 
Fig. 5.7   Diameter of the TiO2 T805 particles at different time points after  

instillation 
 
The two factorial ANOVA revealed a strong influence of the time and particle com-
bined with time on the diameters of the particles (p<0.01 and p<0.01, respectively; 
see table 5.3). On the other hand the particle used does not have a statistical signifi-
cant influence on the particle diameter (p=0,07).  
 
Table 5.3   Two factorial ANOVA of the kind of particle used an the time after  

treatment 
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Analysis of the Hydrodynamic Diameters in BAL Fluid 
The nanoscaled particle pair TiO2 P25 and TiO2 T805 with hydrophilic and hydropho-
bic surface characteristics, respectively, showed a different behaviour following ad-
ministration to lungs. For both particles types medium-term stable dispersions could 
be established in phosphate buffer. After uptake in lungs TiO2 P25 particles form rap-
idly larger agglomerates as the hydrophilic surface does not harmonise with the hy-
drophobic lung lining fluid. This effect could well be demonstrated also in vitro by 
adding TiO2 P25 stock suspension to artificial surfactant (immediate precipitation). In 
the BAL fluid harvested from the rat lung a clear trend of TiO2 P25 to formation of big-
ger agglomeration was observed in the mean diameter measurements as well as on 
SEM photographs. In contrary, TiO2 T805 with its hydrophobic surface remained at a 
quite stable agglomerate size as compared to the used stock suspension. To obtain 
valid data from the BAL fluid analysis it is decisive to use a solution for BAL that does 
not alter the agglomeration status per se. On the other hand, BAL will deliver repre-
sentative samples with relevance for the fate of the total of particles instilled providing 
the particles are accessible on the lungs' surface. 
 
5.3.2 Analysis of Changes in Particle Size following Acute Inhalation in 

Rats 
 
In rats lungs exposed to two freshly prepared (spark generator) nanoparticles aero-
sols with the characteristics given in Table 5.4 the deposited particle number was 
predicted to be 1 particle/µm2 for the 43 nm-sized and 0.06 particles/µm2 for the 124 
nm-sized aerosol.  
 
Table 5.4   Particle characteristics of the two constantan aerosols 
 
 Constantan 

without ageing 
Constantan 
with ageing 

mean diameter (nm) 43  124 
GSD 1.9 1.9 
average number concentra-
tion (1/cm³) 

9.6·106  4.6·105   

Predicted particle load 
(number of particles/cm2) 
(number of particles/µm2) 

 
108 

100 

 
6 x 106 

6 x 10-2 

 
TEM Analysis 
TEM analysis of lungs after acute inhalation of a constantan nanoparticle aerosol 
(mean: 43 nm) revealed in spot checks that, for example, a constantan nanoparticle 
of approximately 100 nm diameter had reached the cytoplasm of an epithelial cell 
(see also section 4.3.2.2).  
Following inhalation of Eu2O3 particles were found within the lung lining fluid and at-
tached to the cellular surface of the alveolar epithelial cells. Interestingly, 1 and 5 
days after inhalation the particles were still predominantly found within the alveolar 
space in the lung lining fluid or attached to cells. However, the amount of particles 
observed was low. 
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Appendix I  
Agglomeration of Nanoparticles – Overview of the 
Literature: Individual Study Summaries and Tables 
 
NP-Suspension in Liquids 
 
The studies are presented in an order according to the chemical composition of the 
investigated nanoparticles. As most data seem to be available for TiO2, data from 
studies with this compound are presented first, and the methods used are described 
in more detail in this part of the overview. Studies performed (also or exclusively) with 
other NP are summarised further below. 
 
Titanium Dioxide (TiO2) 
 
The size distribution of agglomerates of TiO2 NP (primary particle size ~20 nm: P25 
Degussa/Evonik) and their de-agglomeration by a surrogate lung surfactant (dipami-
toylphosphatidylcholine: DPPC) in micellar aqueous suspensions was studied by 
MAYNARD (2002). The size distribution of suspended NP as measured by TEM indi-
cated a shift in modal diameter to ~100 nm as compared to ~300 nm for airborne par-
ticles. These results suggest that the production process of ultrafine TiO2 NP led to 
the formation of primary stable aggregates of about 100 nm size and that larger ag-
glomerates present in airborne suspensions may be broken up in shaken suspen-
sions in DPPC to these aggregates but not to smaller ones or to individual NP. 
MAIER et al. (2006) calculated the binding forces and the energy necessary to split 
TiO2 aggregates or agglomerates and the energy of the interaction of TiO2 surfaces 
with a DPCC bilayer. The (intra-aggregate) splitting energy between primary particles 
of anatase TiO2 was calculated as 10 J/m², and the calculated inter-aggregate or ag-
glomerate bonding (between aggregate to aggregate interfaces) as 1 J/m². In con-
trast, the calculated total interaction of a DPPC bilayer with the TiO2 surface was only 
0.05 J/m². It was concluded that phospholipids and thus lung surfactant does neither 
promote the de-agglomeration nor the de-aggregation of TiO2 NP. The results of the 
theoretical calculations could be confirmed by measurements of TiO2 (P25, De-
gussa/Evonik) particle size by TEM, SEM and static light scattering (SLS). No ul-
trafine particle fraction could be detected in TiO2 suspensions (prepared without soni-
cation) with or without addition of DPPC. A small signal observed in the ultrafine par-
ticle range (~ 100 nm) was also present in DPPC dispersions containing no TiO2 and 
thus is attributed to DPPC itself (possibly due to the formation of micelles). However, 
bath ultrasonication of TiO2 suspensions led to de-agglomeration with the formation 
of an ultrafine particle fraction (~ 100 nm, corresponding to aggregates of 4 – 6 pri-
mary NP). It was concluded that a) lung surfactant does not promote the de-
agglomeration let alone the de-aggregation of TiO2 NP and b) that the preparation of 
the NP suspension may critically affect the particle size distribution and, conse-
quently, the experimental evaluation of toxicological effects of nanomaterials. 
Several studies were conducted to determine the effects of physiological salt solu-
tions, cell culture media, proteins, phospholipids, sera and other additives on the dis-
persion of NP and the stability of these dispersions. 
The effects of ultrasonication, ionic strength, pH, and electrostatic and steric stabilisa-
tion on the dispersion characteristics of several differently prepared TiO2 NP was in-
vestigated by JIANG et al. (2009). A 15 nm anatase TiO2 was freshly synthesized via 
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a flame aerosol reactor from titanium isopropoxide. This material showed a 50-fold 
increase in the hydrodynamic diameter (from ~ 90 to ~ 4800 nm) when dispersed in 
NaCl solution of increasing ionic strength (1 – 100 mM, pH 4.6). At 10 mM NaCl, size 
distribution was bimodal with two peaks at ~200 nm and 1000 nm, whereas larger, 
unstable and highly agglomerated dispersions were formed at 100 mM NaCl. The 
zeta-potential of about +40 mV was not affected at low ionic strength but, consistent 
with the observations on the agglomeration, decreased at higher NaCl concentrations 
(> 10 mM). At constant ionic strength (1 mM), the zeta-potential decreased with in-
creasing pH. The maximum hydrodynamic diameter was observed at the isoelectric 
point of pH 6.0. Addition of sodium pyrophosphate led to absorption of pyrophos-
phate ions and hence to a negative zeta-potential and increased electrostatic stability 
of the dispersion (mean size ~90 nm). After probe sonication of dispersions of this 
laboratory-prepared TiO2, the hydrodynamic diameter of the NP was comparable to 
the primary particle diameter. In contrast, the hydrodynamic diameter of a commer-
cially available TiO2 NP (P25, Degussa/Evonik) was still larger (~155 nm) than the 
primary particle size, indicating that this material is composed mainly of larger aggre-
gates. Similar results were obtained in previous studies (MANDZY et al., 2005; 
TELEKI et al., 2008 # zit. nach JIANG#). 
LIMBACHER et al. (2005) observed that the zeta-potential of TiO2 (no further data) 
changed from -10 mV in pure water to about -18 mV in RPMI cell culture medium 
with 10 % FCS. A very similar zeta potential was observed in this protein containing 
medium for all together seven different metal oxides investigated, regardless of the 
wide range of the zeta potential (-2 to +55 mV) for these oxides in pure water. The 
authors concluded that the surface charge was determined by protein adsorption, 
and that the comparatively small surface charge would favour the agglomeration of 
the particles. However, the average size and size distribution, and the stability of the 
dispersion over time was not measured. 
The properties of a commercially available TiO2 NP (Aeroxide P25 from De-
gussa/Evonik, 80 % anatase + 20 % rutile, primary particle size 21 nm, surface area 
50 m²/g) were characterised by MEIßNER et al. (2009). SEM observations showed a 
highly aggregated powder of NP of a primary particle size in agreement with the pro-
ducer data and a narrow size distribution of these primary NP. The zeta potential of 
TiO2 as a function of pH in freshly prepared probe-sonicated dispersions in NaCl so-
lution was positive at acidic pH (+39 mV at pH 4), zero at neutral pH, and negative in 
the alkaline region (~ -20 mV at pH 8). At pH 4, the dispersions was stable due to 
electrostatic repulsion. The volume-weighted mean size of the aggre-
gates/agglomerates was 170 nm, the polydispersity index (PdI) of 0.15 indicated a 
narrow size distribution. A rapid, concentration dependent increase in volume-
weighted mean size, i.e. agglomeration, was observed within a few minutes in all dis-
persions in protein-free physiologic media (NaCl, PBS, HBSS, DMEM). The zeta po-
tential of the NP in these media is slightly negative (between -2.0 mV in NaCl to -23.4 
mV in PBS), too low for an electrostatic stabilisation. In contrast, the average size 
(the PdI was not reported) remained completely unchanged (at least over the one 
hour observation period) when the dispersion (in HCl, pH 4) was added to PBS con-
taining BSA (500 µg/ml) or serum (10 % FCS) containing DMEM, although the zeta 
potential was only slightly negative (-14.8 mV in PBS + BSA; -10.5 mV in DMEM + 
FCS). Therefore, it is concluded that the stabilisation is not achieved by sole electro-
static repulsion of similarly charged NP but the adsorption of albumin (and possibly 
other proteins in serum) on the surface of the NP, leading to sterical and electrostatic 
effects preventing agglomeration. 
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These data are in line with data on the agglomeration and sedimentation of another 
TiO2 nanopowder (Sigma-Aldrich) in cell culture media (ALLOUINI et al., 2009). The 
initial material was spherical in size and polydispers with particle diameters between 
~15 and ~350 nm. The isoelectric point was 2.9 in water, but shifted to 6.4 in NaCl 
solution. A rapid and slight agglomeration occurred in water. The material was highly 
agglomerated in RPMI cell culture medium (mean hydrodynamic diameter ~ 800 - 
~2800 nm, depending on concentration and time) and precipitated out of the medium. 
The addition of FCS markedly increased the colloidal stability of the TiO2 dispersion, 
and the dispersion showed little change over 24 h in the presence of 10 % FCS. The 
addition of FCS also decreased the mean hydrodynamic diameter of the TiO2 parti-
cles from ~ 1600 nm (RPMI) to ~350 nm (RPMI + 10 % FCS). At the same time, the 
presence of FCS decreased the polydispersity index (PdI) from 0.42 (RPMI) to 0.25 
(10 % FCS). Very similar results were obtained by the addition of up to 1 % human 
serum albumin (HSA). 
SAGER et al. (2007) compared the dispersions (3.47 mg/ml) of ultrafine TiO2 (P-25, 
primary particle size 21 nm, Degussa/Evonik) in PBS, BAL fluid from rat lung (ob-
tained by lavage wash with Ca2+ and Mg2+ free PBS), or DPPC (160 µg/ml) in PBS. 
The TiO2 was freshly sieved through 45 µm sieves prior to use, and the dispersion 
were probe-sonicated before the examination. Light microscopy revealed a uniform 
dispersion pattern in PBS, but the formation of large agglomerates in DPPC-PBS. 
The dispersion in PBS and in BAL fluid were comparable when viewed by light mi-
croscopy but TEM examination revealed that the dispersion in BAL fluid had smaller 
agglomerates and a more uniform dispersion pattern. Other measurements to deter-
mine the size and size distribution of the dispersed material were not performed. 
VIPPOLA et al. (2009) studied the effects of dispersion additives (BSA and DPPC) 
and culture media (BEGM and RPMI) on the dispersion of two different TiO2 NP. As 
supplied by the manufacturers, one of the materials consisted of globular anatase NP 
(Sigma-Aldrich, < 25 nm diameter of primary particles), the other of needle-like rutile 
(Sigma-Aldrich, size 10 x 40 nm²) coated with < 5 % SiO2. Both NP as characterized 
by TEM and SEM were aggregated to particles with sizes in the order of about 150 
nm (as indicated by TEM and SEM observations). Both particles were suspended (1 
mg/ml) in the two different cell culture media (BEGM or RPMI + 10 % FCS) and with 
or without additional dispersion additives (0.6 mg/ml BSA, 10 µg/ml DPPC) and bath-
sonicated. Visual inspection by optical microscopy of freshly prepared dispersions 
revealed an equal distribution and no large agglomerates. The best dispersion in 
BEGM was achieved in solutions with added BSA (mean agglomerate size ± S.D. 
from optical microscopy image analysis: 3.2 ± 2.3 µm). Addition of DPPC alone or in 
combination with BSA did not decrease the mean particle size compared to sole ad-
dition of BSA. Compared to BEGM, dispersion in RPMI with 10 % FCS led to only 
slightly lower mean agglomerates sizes (2.8 µm for both, anatase and rutile TiO2), 
and the addition of BSA and/or DPPC did not decrease the mean size. An additional 
testing of anatase dispersed in pure FCS with added natural pictine lung surfactant 
(Curosurf) also revealed an even distribution of agglomerated particles of a mean 
size similar to those observed in the other media. 
The analysis is restricted to particles sizes no smaller than 1 µm, since smaller parti-
cles are invisible in the optical image microscopy. Additional TEM analysis of NP dis-
persions in BEGM + BSA and in RPMI + FCS showed that nanosized agglomerates 
(< 100 nm) of both TiO2 materials were present in both media. However, a more de-
tailed particle size evaluation was not performed.  
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Regarding the stability of the dispersions of both materials in BEGM with or without 
BSA and in RPMI + FCS over time, the optical image analysis showed no systematic 
change in the mean dispersed particle size over 72 h. However, the total concentra-
tion dropped to about 50 % of the initial value after 24 h and to about 15 - 30 % after 
72 h. Dispersions in media containing BSA or FCS seemed more stable than in 
BEGM without additions.  
Conditions for an optimised dispersion of various nanoparticles including TiO2 in bio-
logical media were described by BIHARI et al. (2008). The size distribution was de-
termined by dynamic light scattering (DLS). The accuracy of the size distribution and 
of the zeta potential measurements were verified by measuring 60 – 65 nm polysty-
rene beads with different surface charges. The average hydrodynamic diameter of a 
TiO2 needle-like rutile nanopowder (~10 x 40 nm², Sigma-Aldrich) dispersed in water 
could effectively be reduced from ~500 nm to ~160 nm by ultrasonication using spe-
cific energies of at least 2 x 105 kJ/m³. At the same time, the polydispersity index 
(PdI) decreased from 0.434 for non-sonicated dispersions in water to 0.166 (indicat-
ing a change from a very broad to a more narrow size distribution). This dispersion 
could be stabilised for up to at least one week by subsequent addition of a dispersion 
stabiliser (Tween 80 or albumin: human, mouse or bovine serum or mouse serum all 
having the same effect) and, finally, by addition of PBS or cell culture medium 
(RPMI). The PdI of the sonicated dispersions in these media was slightly higher 
(0.212 – 0.270) than of such dispersions in water. No size reduction could be 
achieved without ultrasonication, regardless of the addition of Tween or albumin. The 
large negative zeta potential of the TiO2 in water (~ -40mV) became less negative in 
PBS (-20 mV) and, more so, by the addition of Tween 80 or mouse (MSA) or human 
serum albumin (HSA). The same protocol (at first, dispersion in pure water, then ul-
trasonication, addition of dispersion stabiliser and, finally, of PBS) was used for other 
NP (zinc oxide, silver, silicon oxide, see below) and generally proved well. It was, 
however, less effective in case of a different nanoparticulate TiO2 (anatase modifica-
tion, Sigma-Aldrich), for which the hydrodynamic diameter in different media could be 
reduced to only ~ 500 nm, despite of sonication; and the PdI (0.358 – 0.475) in all 
media indicated a very broad size distribution. The zeta potential of this NP TiO2 was 
positive in non-sonicated samples in water but became negative in all sonicated 
samples. The addition of Tween 80, MSA or HSA changed the zeta potential to less 
negative values (~ -10 mV). The reasons for the discrepancy between the two TiO2 
NP are not discussed but may be related to differences in the aggregate size or sur-
face characteristics of the initially supplied materials. 
TANTRA et al. (2010) studied whether bovine serum albumin (BSA) may not only 
stabilise dispersions, but lead to a deaggregation of titanium dioxide (probably TiO2 
P25) (and zinc oxide nanoparticles, see below) in aqueous suspensions. SEM obser-
vations showed that TiO2 NP as received from the supplier (K. Donaldson, University 
of Edinburgh) existed as aggregates and agglomerates. After dispersion in water, 
ultrasonication and centrifugation, homogenous suspensions were obtained. DLS 
revealed a mean z-average particle diameter of ~200 nm. Addition of BSA had no 
effect on the average particle size. The zeta-potential was decreased by addition of 
BSA from +16 mV to -27 mV but showed no dependency on the concentration of 
BSA. Also, SEM observations indicated little changes in the morphology of TiO2 NP 
in the absence or presence of BSA. In summary, the results indicated that no further 
de-agglomeration or de-aggregation of intensely ultrasonicated (and thus, already 
deagglomerated) TiO2 material was achieved by BSA. 
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The dispersion characteristics of altogether nine different TiO2 NP samples in water 
and cell culture media were studied by MURDOCK et al. (2008). All materials were 
provided from the same laboratory (Dept. Chem. Engineering, University of St. 
Louis); in four of the samples, the primary NP had an identical diameter of 39 nm but 
differed in the modification: 100 % anatase, 60 % anatase + 40 % rutile, 39 % rutile + 
61 % anatase, 100 % amorphous (40 nm); the five others were all composed of ana-
tase but differed in size (5, 10, 16, 50, 100 nm). All particles were suspended in de-
ionised water (1 mg/ml), probe-sonicated, and diluted to 50 µg/ml in water or cell cul-
ture medium with or without serum. TEM observation of 39 nm NP (no further data) 
from aqueous dispersions revealed that the mean particle size was in agreement with 
the specifications with some polydispersity (mean ± S.D. 44.7 ± 13 nm). However, as 
determined by DLS of freshly prepared dispersions, all TiO2 NP dispersions formed 
agglomerates in water and in cell culture media (DMEM/F-12 with or without 10 % 
heat-inactivated bovine serum). The mean average diameter in water varied between 
216 nm and 2710 nm with no obvious relationship between agglomeration diameters 
and primary NP size. However, the diameter tended to increase with increasing rutile 
content and was highest in amorphous TiO2 indicating a possible effect of the chemi-
cal composition. The PdI of all TiO2 indicated a very broad to polymodal size distribu-
tion of all 39 nm materials and a slightly lower but still boad size distribution of the 
materials differing in primary NP size. In contrast to observations made in other stud-
ies, the addition of serum did not lead to a reduction of the average diameter or the 
PdI. Only the data for one material (39 % anatase/61 % rutile) indicated a de-
agglomeration by addition of serum in cell culture medium + serum (257 nm) to a size 
even lower than in water (796 nm). The authors noted that this material had the high-
est zeta potential (17.7 mV in water), however, the 10 nm TiO2 material had a similar 
Zeta potential (15 mV) but DLS indicated the formation of large agglomerates in se-
rum containing medium (average size 2570 nm) compared to water (216 nm). The 
results of this study differ from those of several others in which the addition of pro-
teins or serum lead to a de-agglomeration and stabilisation of the dispersion. The 
reasons for the discrepancies are not obvious, they could be related to differences in 
the properties of the primary NP used in this and in other studies or to methodological 
differences in the preparation of the dispersions. In each case, these results stress 
the necessity of a rigid characterization of particles by reliable and reproducible 
methods.  
The dispersion characteristics of five different TiO2 NP in culture media were also 
studied by KATO et al. (2009; 2010). Two materials consisted of anatase of 7 nm or 
200 nm primary particle size, respectively, two were 98 % rutile (30 – 50 nm or nee-
dle-like 30 – 90 nm x 5 -15 nm) coated with 2 % Al2O3, and one consisted of a 70 nm 
rutile/anatase (41.4 %/58.6 %). All were dispersed in FCS (80 mg/ml), centrifuged at 
16,000 g and resuspended. Subsequently, the supernatant of different centrifugation 
steps (8000 g, 4000 g, 2000 g, 1000 g, 500 g) were suspended in DMEM + 10 % 
heat-inactivated FCS, and the secondary NP diameter size was determined by 
means of three different DLS instruments. The intensity averaged diameter of the 
particle dispersions for all types of TiO2 was above 150 nm (range: 167 – 250 nm). 
Pure TiO2 particles of such sizes should settle by gravitational forces. However, the 
dispersions of 30 – 50 nm material (4000 g) and the 30 – 90 nm x 5 – 15 nm (4000 g) 
showed no changes in light scattering over time (3 days), and their was only little 
change for the 7 nm material. Modest decreases were observed in case of the other 
two materials. Furthermore, the intensity average diameter of all particle dispersions 
showed no increase over time (3 days). These data do not support a marked gravita-
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tional settling of the dispersed particles. The authors concluded that the slow settling 
kinetics may be caused by the inclusion of protein into the secondary nanoparticles 
agglomerates, thereby lowering the density and hence the gravitational settling. Cal-
culations indicated that these secondary particles mainly consist of protein and only a 
smaller amount (2 – 29 %) of TiO2. 
 
The interaction of nanoparticles with physiological media for in vitro nanotoxicology 
studies and the effects of proteins were also investigated by SCHULZE et al. (2008). 
Agglomeration and sedimentation of particles was observed to occur in protein-free 
media, whereas stable dispersions were obtained in protein containing media. The 
zeta-potential of the studied TiO2 (pyrogenic synthesis, probably Degussa/Evonik, no 
further data) changed from ~20 mV in pure water to ~ -10 mV in physiological media, 
regardless of protein addition, providing no direct evidence for a protein coating. 
However, the stabilisation of the dispersion by the addition of proteins indicated a 
coating of the particles. The authors further noted that the size characterisation 
proved extremely difficult due to the enormous polydispersity of the material. Analyti-
cal ultracentrifugation (AUC) with subsequent turbidity measurement revealed an in-
creasing presence of a fraction of ultrafine particles (down to ~ 20 nm) with increas-
ing concentrations of FCS in the cell culture medium (DMEM). Dynamic light scatter-
ing (DLS) completely failed to detect the presence of 5 nm proteins (BSA monomers) 
which were in a hundredfold excess over TiO2 nanoparticles. The same limitations 
were observed for laser diffraction. TEM observations were able to show the pres-
ence of agglomerates and primary NP, but the statistical power of this method is very 
limited. Moreover, artefacts may be produced upon the drying and cryopreservation 
of FCS. Optical AUC was the only suitable method to detect small aggregates and 
primary particles, but there are uncertainties in the calculation of absolute concentra-
tions. In summary, the authors concluded that DLS, laser diffraction and slow-speed 
centrifugation failed to determine the presence of ultrafine fractions, whereas several 
methods with complementary working principles (TEM, hydrodynamic fractionation) 
confirmed the de-agglomeration by FCS and the formation of a significant fraction of 
ultrafine particles, even in dispersions only stirred but without sonication treatment. 
Similar conclusions were reached by GOEBBERT et al. (2009) within the framework 
of the NanoCare Project in their studies performed in order to characterise various 
synthesised NP and their dispersion in cell culture media. In this study, TiO2 (21 nm, 
anatase/rutile 80:20, P25, Evonik) was used. The material was dispersed as de-
scribed by Schulze et al. (2008), and the agglomeration in cell culture medium 
(DMEM) with increasing amounts of FCS was studied by means of turbidity analytical 
ultracentrifugation (AUC). With increasing amounts of FCS, the mean particle size 
decreased from ~ 20000 nm (0 % FCS) to ~ 2000 nm (10 % FCS) and ~ 50 nm (100 
% FCS). Dispersions in 100 % FCS were used to compare different measuring meth-
ods: DLS with/without prefilter, AUC, X-ray AUC, TEM, Cryo-TEM, energy dispersive 
X-ray nanoanalysis in a field emission TEM and fractionised optical ultracentrifuga-
tion. All these generally as valid regarded methods agreed only within a factor of 4. 
The results of pure optical methods (DLS and laser diffraction) were far out of this 
range, indicating that these methods failed. 
Additionally, the level of agglomeration was determined in diluted serum and in lung 
lavage (porcine bronchoalveolar lavage fluid, pBALF) by means of AUC. The signal 
of the dispersion in diluted was dominated by BSA monomer and dimer peaks at 5 
and 10 nm. The TiO2 was mainly agglomerated (~60 nm to ~250 µm), and the frac-
tion of particles with a size of < 100 nm was marginal (~0.05 %). In contrast, for an-
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other TiO2 (17 nm, stabilised with organic polyoxy acids on the surface) a high per-
centage (~38 %) of NP < 100 nm could be detected. Very similar results were ob-
tained for dispersions of these TiO2 in pBALF, except that the protein signal was 
shifted to higher molecular masses (~10 nm), because the surfactant proteins exist 
as oligomers, and no albumin signal could be detected. 
 
Zinc Oxide (ZnO) 
 
TANTRA et al. (2010) studied the effects on bovine serum albumin (BSA) on the de-
agglomeration of zinc oxide (and titanium dioxide, see above) particles in aqueous 
suspensions. SEM observations showed that ZnO NP as received from the supplier 
(Nanostructured an Amorphous Materials, Inc.) were variform and polydispers, con-
sisting of aggregates and agglomerates. Addition of BSA greatly decreased the z-
average diameter of ZnO NP (as determined by DLS) from 1044 nm (no BSA) to 288 
nm (0.02 % BSA) and about 6 nm at 0.5 % BSA, higher concentrations of BSA had 
no further de-agglomerating effect but decreased stability over time. Also, the zeta-
potential was decreased by the addition of up to 0.5 % BSA. Without addition of BSA, 
the suspensions showed an increase in particle size (~ 3fold) within 3 days indicating 
that BSA both led to a de-agglomeration of initial agglomerates and a stabilization of 
suspended small agglomerates. SEM observations principally confirmed the data of 
the DLS measurements and further provided evidence that individual nanoparticles of 
ZnO may be present in suspensions stabilised with 0.02 % BSA. In summary, the 
results with ZnO and TiO2 indicate that the interactions of proteins with NP may – 
depending on the particle characteristics, the absorption kinetics, and the zeta-
potential of the protein-NP-complex –decrease the size of NP-clusters down to that of 
individual NP (ZnO) or have no significant effect on the agglomeration (TiO2). 
In the study of BIHARI et al. (2008, see above), the average diameter of ZnO parti-
cles dispersed in water without sonication (~1300 nm) was greater than the size of 
the primary particles (ZnO powder, < 100 nm, Sigma-Aldrich), due to the presence of 
agglomerates. The PdI of 0,72 of this dispersion indicated a very broad and probably 
polymodal size distribution. Sonication reduced the average diameter to ~280 nm, but 
the PdI (0.41) still indicated a broad size distribution. In PBS, agglomerates were lar-
ger on average (~ 520 nm) than in water, and their average size could not be re-
duced by addition of Tween 80 as dispersion aid. However, human (HSA) and mouse 
serum albumin (MSA) in PBS led to a reduction of the average hydrodynamic diame-
ter of sonicated NP (~270 and ~190 nm), comparable to or slightly lower than the 
size observed in pure water. TEM observations confirmed the presence of small par-
ticles in dispersions with these added stabilisers. The zeta potential was positive in 
non-sonicated aqueous dispersions (10.6 mV), but changed to negative values in 
sonicated samples. The addition of Tween and, especially, of HSA or MSA markedly 
increased the zeta potential (from -29 to ~-10 mV).  
In the study of KATO et al. (2010; for experimental details see part above on TiO2), 
zinc oxide NP (primary particle size 21 nm, from Ishihara Sangyo Kaisha Ltd., Japan) 
dispersions in serum-containing cell culture DMEM-medium were stable over the 
study period of 3 days as indicated by DLS measurements. The reported intensity 
averaged diameters of the particle dispersions was between 121 nm (8000 g) and 
190 nm (1000 g). As in case of TiO2, calculations indicated that these secondary par-
ticles mainly consist of protein and a smaller amount (8 – 44 %) of zinc oxide. 
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Aluminium Oxide (Al2O3) and Hydroxide (AlOOH) 
 
In the study of MURDOCK et al. (2008), the dispersion characteristics of two Al2O3 
NP differing in size (30 and 40 nm, both from NovaCentrix) were studied. The ex-
perimental were as described above for TiO2 except that RPMI-1640 with 10 % 
FCS + 10 % horse serum was used as cell-culture medium. TEM observation of 40 
nm Al2O3 from aqueous dispersions revealed that the mean particle size of the 40 nm 
NP were larger (64 nm) than expected, and the material showed a high polydisper-
sity. DLS measurements indicated that both Al2O3 NP agglomerated in water and in 
serum containing medium between three to six times their primary particle sizes as 
measured by TEM (i.e., average sizes in the order of 210 – 251 nm). The PdI indi-
cated a narrow size distribution in water (PdI 0.125 – 0.145) which became more 
broad in serum-containing medium (0.23 – 0.25). Much larger agglomerates were 
formed in serum-free culture medium (30 nm: 1430 nm; 40 nm: 1050 nm).  
In a previous study of the same group (WAGNER et al., 2007), data were presented 
on the average diameter, PdI and zeta potential of Al2O3 NP of the same size and 
from the same source. Dispersions in water and in F-12 + 20 % FCS showed nearly 
the same average diameters, PdI and zeta potentials as measured by MURDOCK et 
al. (2008). It can be concluded that the procedure to produce NP dispersions and the 
analytical methods are able to produce reproducible results.   
GOEBBERT et al. (2009) determined the level of agglomeration of a Boehmit NP (70 
nm, Bayer Material Science AG) in diluted serum and in lung lavage (porcine bron-
choalveolar lavage fluid, pBALF) by means of AUC (for details, see part on TiO2 
above). The material was agglomerated in both, diluted serum and pBALF), with a 
fraction of a size of < 100 nm of ~1 % in diluted serum and virtually none (< 0.01 %) 
in pBALF. Very similar results were also obtained for another Boehmit NP (40 nm, 
Bayer Material Science AG). 
 
Aluminium 
 
In the study of MURDOCK et al. (2008, details see above at "Aluminium oxide"), 
three aluminium NP (50, 80, 120 nm, NovaCentrix) showed an agglomeration behav-
iour very similar to Al2O3, i.e., DLS measurements revealed a similar or at most 
slightly higher average diameter of agglomerates in 20 % FCS containing F-12 cell 
culture medium compared to dispersions in water (three to five times the reported 
primary particle size). As with Al2O3, there was a marked agglomeration in serum-free 
medium (average 1170 – 1610 nm). The similar behaviour of Al2O3- and Al-NP with 
respect to agglomeration may be explained by the fact that aluminium exposed to air 
is covered by a thin surface layer of the oxide.  
As described above for Al2O3, a previous study of the same group (WAGNER et al., 
2007) with aluminium NP of the same size and from the same source had produced 
nearly identical results with respect to the average diameters, PdI and zeta potentials 
of the dispersions in water or cell culture medium + 20 % FCS (serum free medium 
was not included in that study). It can be concluded that the procedure to produce NP 
dispersions and the analytical methods are able to produce reproducible results. 
 
Silicon Dioxide 
 
In the study of BIHARI et al. (2008, see above), silicon dioxide (10 nm, purchased as 
"SiOx" from Nanostructures and Amorphous Materials Inc.) in water formed large ag-
glomerates (average size 1121 nm) with a broad size distribution (PdI 0.72), sonica-
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tion led to a marked reduction of the mean size (370 nm). Large agglomerates (852 
nm) were also found in PBS despite sonication, addition of Tween 80, HSA or, most 
effective, MSA (~130 nm) reduced the average size, but the PdI (between 0.49 and 
0.88) still indicated a very broad to polymodal size distribution. As with most other NP 
investigated in this study, the negative zeta potential in water -33.4 mV) became less 
negative by sonication and, especially, the addition of Tween (-3.7 mV) and HSA or 
MSA (~ -11 mV).   
MURDOCK et al. (2008) studied the agglomeration and zeta potential of various SiO2 
(source: Oak Ridge National Laboratories) differing in size (35, 51, 110, 420 nm) and 
surface coating with fluorophores (~ 73 nm, coated with FTIC: fluorescein isothiocy-
anate, or RB: rhodamin B). Experimental details are as presented above (see part on 
TiO2 and Al2O3) except that only dispersions in water and serum-free DMEM/F-12 
were studied. In contrast to all other NP studied in this investigation, the average di-
ameter as determined by DLS of the SiO2 dispersions in water or culture medium was 
at or close to the corresponding primary NP size. The PdI for the smaller (35, 51, 110 
nm) uncoated SiO2 were very low (mostly < 0.1) indicating a vary narrow size distri-
bution. A broader distribution was observed for 110 nm SiO2 (PdI 0.2), SiO2-RB and, 
especially, for SiO2-FITC in culture medium (PdI: 1, indicating agglomeration and a 
polymodal size distribution). 
The stability of amorphous silicon dioxide sols was studied by THOMASSEN et al. 
(2010). Sols of different size fractions were prepared by controlled base-catalysed 
(ammonia or lysine) hydrolysis and polymerisation of tetraethyl orthosilicate, purified 
by dialysis and diluted into cell culture media (DMEM). Additionally, dispersions were 
prepared from commercially available silica sols (Ludox-SM-30, -LS-30, and –HS-40, 
Sigma Aldrich) and similarly purified. The NP diameter of the 11 different prepara-
tions as determined by SEM and TEM varied between 2 and 335 nm and showed a 
very narrow size distribution within each of the preparations. The average hydrody-
namic diameter of the particles (by DLS) in all dialysed sols was similar to the particle 
diameter obtained by TEM or SEM. In cell culture medium, the three commercial 
products showed a modest increase in the average size diameter (12, 13, 15 nm in 
water; 21, 22, 22 nm in DMEM). This was also observed for the smallest prepared 
particles (2 nm in water, 12 nm in DMEM), whereas all other (larger) prepared parti-
cles showed very similar average hydrodynamic diameters in water after dialysis and 
in DMEM. Alls freshly prepared sols and, less so, the commercially available sols 
showed a very narrow monodispers size distribution. The zeta potential of samples 
with high negative values (-19 mV to -40 mV) in KCl changed to less negative and 
similar values in DMEM (-15 to +4 mV), smaller and inconsistent changes were 
measured in case of sols with initially low negative zeta potentials. The sols were 
stable in water for at least one year and in DMEM for at least one week (the longest 
period studied). 
 
Silver 
 
In the study of BIHARI et al. (2008, see above), similar results as for ZnO were also 
obtained with nanoparticulate silver (30 – 50 nm, Nanostructures and Amorphous 
Materials Inc.), i.e. the average diameter of the material in water (~400 nm) and the 
PdI could be reduced by ultrasonication (~160 nm). Also, the average diameter of the 
dispersion in PBS (223 nm) could be reduced by Tween and, most effectively, by 
HSA and MSA (~ 160 nm). However, the average diameter was still larger than that 
of the primary NP. The zeta potential was negative in all dispersions. As for other NP 
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investigated, the zeta potential in PBS (-24.5 mV) became less negative by the addi-
tion of Tween 80, HSA or MSA (~ -10 mV).  
MURDOCK et al. (2008) studied the dispersion characteristics of different silver NP in 
water and cell culture media. The NP included to hydrocarbon-coated Ag (HC-Ag) of 
15 nm and 25 nm (NovaCentrix), an uncoated (80 nm, NovaCentrix), and three poly-
saccharide coated (PS-Ag: 10, 25 – 30, 80 nm; Clarkson University, St. Louis). Ex-
periments were performed as described above for TiO2 except that DLS measure-
ments were performed at 25 µg/ml and RPMI-1640 (with/without 10 % FCS + 10 % 
horse serum) was used instead of DMEM/F-12. TEM observation of 15 nm HC-Ag 
and PS-Ag 10 nm from aqueous dispersions revealed that the mean particle size was 
in agreement with the specifications. As indicated by DLS, all Ag-NP formed agglom-
erates. In all media, the uncoated 80 nm Ag formed the largest agglomerates of all 
investigated Ag-NP, and the very high PdI (0.835 – 1) indicated a very broad and po-
lymodal size distribution. Coating reduced the agglomeration of the NP. Within the 
same group (HC- or PS-coated), the size increased with increasing size of the pri-
mary NP. With the exception of PS-Ag 80 nm, the average diameter in water and in 
serum-containing medium was very similar for each of the materials and was lower 
than in serum-free medium. Therefore, it may be concluded that an agglomeration of 
NP in electrolyte containing solutions can be prevented by the presence of proteins. 
However, this could not be achieved in case of PS-Ag 80 nm, for which the largest 
agglomerates were observed in the serum-containing medium.  
 
Copper 
 
MURDOCK et al. (2008) also studied the agglomeration and zeta potential of ele-
mental copper NP (NovaCentrix) differing in size (40, 60, 80 nm). Experimental de-
tails are as presented above (see part on Al2O3). TEM observations showed a high 
polydispersity and the presence of compact aggregates hampering the determination 
of the primary particle size. In cell culture medium with added serum, the average 
diameter as determined by DLS was very similar (340 – 410 nm) for all three NP, re-
gardless of the primary NP size. However, the PdI was very high (0.5 – 1) indicating 
a very broad and probably polymodal size distribution. The average diameter of the 
larger NP (60 nm, 80 nm) was similar in water and in culture medium with or without 
serum, but the dispersions of the smaller NP (40 nm) in water and serum-free me-
dium had an average size of about 1100 nm indicating the formation of larger ag-
glomerates. These NP also had the least negative zeta potential (only measured in 
water) (-4.75 mV, compared to -11.6 mV and -13.1 mV) for the other NP, which could 
have facilitated the agglomeration in the protein free medium and water. 
 
Cerium Dioxide 
 
In the study of KATO et al. (2010; for experimental details see part above on TiO2), 
dispersions of cerium dioxide (CeO2) NP (two materials, primary particle size 14 nm, 
from C.I. Kasei Co. Ltd, Japan, and 400 nm, from Junsai Chemical Co. Ltd., Japan) 
in serum-containing cell culture DMEM-medium were stable over the study period of 
3 days as indicated by DLS measurements. Regardless of the primary NP size, the 
intensity averaged diameters were very similar for both dispersions (14 nm, 500 g: 
248 nm; 400 nm, 500 g: 220 nm). As in case of TiO2 and Al2O3, calculations indicated 
that these secondary particles mainly consist of protein and a smaller amount (3 – 
10 %) of metal oxide. Calculations for a number of other metal oxides (SiO2, CoO, 
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SnO2, Al2O3, Y2O3, ZrO2, Sb2O3, La2O3, Gd2O3, indium tin oxide, cobalt blue) indi-
cated that the secondary particles in serum-containing medium also mainly consist of 
protein with a smaller amount of metal oxide, the lowest calculated for Gd2O3 and 
indium tin oxide (1 %), the highest for Al2O3 (44 %).  
GOEBBERT et al. (2009) determined the level of agglomeration of three CeO2 NP 
differing in the average size of the primary particles (A: 14 nm, B: 20 nm and 70 nm, 
Evonik/Degussa) in diluted serum and in lung lavage (porcine bronchoalveolar lavage 
fluid, pBALF) by means of AUC (for details, see part on TiO2 above). Two of them (A 
and B) were described as aggregates according to the product data sheets, while the 
third had a size distribution of 10 – 200 nm. However, a considerable fraction (~ 
13 %) of materials A and B could be detected as particles < 100 nm in diluted serum, 
but not in pBALF. For the third product, the fraction of such particles was very low 
(~0.1 % in serum, ~2 % in pBALF). 
 
Tungsten Carbide 
 
An inhibition of the agglomeration of tungsten carbide NP dispersions (volume-
weighted average size ~150 nm) in PBS by the prior addition of BSA was observed 
by MEIßNER et al. (2007), despite the low absolute value of the zeta potential (~ -
11 mV) of the dispersed particles in the BSA-PBS. The effect is similar to that de-
scribed by the same authors in a more detailed study with TiO2 (MEIßNER et al., 
2009, see above). 
 
Carbon Black 
 
Besides several metal oxides and metal NP, MURDOCK et al. (2008) also studied 
the dispersion characteristics of Carbon Black (CB, 30 nm, Cabot Corporation). The 
experimental designs were as described above for TiO2, except that only dispersions 
in water and serum-free DMEM/F-12 were studied and no TEM was performed. The 
zeta potential of the material in water was very slightly negative (-1.56 mV), the po-
tential in medium was not measured. Dispersion in serum-free medium instead of 
water led to an agglomeration of the particles as indicated by an increase of the av-
erage diameter determined by DLS (in water: 396 nm, in DMEM/F-12: 2190 nm).  
Dispersions of ultrafine CB (14 nm, Printex 90, Degussa/Evonik) in PBS, BAL fluid 
from rat lung, or DPPC in PBS were studied by SAGER et al. (2007, see part on TiO2 
for experimental details). Examination of the dispersions was performed only by light 
microscopy. The carbon black dispersed in PBS formed large agglomerates, fewer 
agglomerates but of similar size were observed in DPPC/PBS. A more uniform pat-
tern with smaller and fewer agglomerates could be obtained in BAL fluid. Dispersions 
of CB in BSA or DPPC alone exhibited more agglomeration than a combination of 
BSA + DPPC. 
As part of an in vitro genotoxicity study, TOTSUKA et al. (2009) also presented some 
data on the particle size distribution of commercially available carbon black (14 nm, 
Printex 90, Degussa/Evonik) in physiological saline with 0.05 % Tween. TEM obser-
vations showed that CB was "relatively well dispersed, …agglomerates were occa-
sionally present." The mean average diameter of 232 nm indicated some agglomera-
tion, and the range of size distribution (13.6 – 337.4 nm) indicated that individual NP 
may have been present in the dispersion. No data were presented regarding the ag-
glomeration and size distribution in the cell culture medium used for the in vitro stud-
ies.  
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Table A1   Summary of studies on the agglomeration/aggregation and deglomeration of nanoparticles – in vitro studies 
 

Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

Titanium dioxide 
"nanopowder" 
Sigma-Aldrich 

Agglomeration, mean particle 
size (by DLS) in cell culture 
media  

Initial material: polydispers, 15 – 350 nm 
Isoelectric point: pH 2.9 in water, 6.4 in NaCl, 
agglomeration in water and protein-free medium,  
FCS: ↑ stability, ↓ mean diameter, ↓ PdI 
Similar effect of HSA  

Effects similar to those 
observed for other TiO2 
NP 

ALLOUINI  
et al., 2009 

Titanium dioxide 
10 x 40 nm², 
needle-like, rutile 
Sigma-Aldrich 

Ultrasonication in water: ↓ hydrodynamic diameter 
and ↓ PdI, dispersion stable for at least one week 
after addition of stabiliser and, finally, medium. 
PdI in media slightly higher than PdI in water. 
No size reduction without ultrasonication 
Zeta potential (~ -40 mV in water) less negative in 
PBS and in presence of stabiliser 

Titanium dioxide 
< 25 nm, globular 
anatase 
Sigma-Aldrich 

Only slight effect of sonication on hydrodynamic 
diameter, PdI indicates broad size distribution, 
zeta potential positive in water, slightly negative 
after sonication and in media 

Reasons for differences 
in effects of sonication 
and stabiliser addition not 
discussed in detail but 
probably related to differ-
ences in aggregate size 
or surface characteristics 
of the supplied materials 

BIHARI  
et al., 2008 

Silicon dioxide 
10 nm (SiOx), 
Nanostructures & 
Amorphous Materi-
als Ltd.  

Size distribution (by DLS) in 
PBS, zeta potential, effect of 
ultrasonication and dispersion 
stabilisers (Tween 80, albumin 
(human, murine, bovine), 
mouse serum) 
Protocol: dispersion in water, 
sonication, stabiliser, finally 
PBS or RPMI 

Ultrasonication in water: ↓ of agglomerate size 
PBS: large agglomerates also after sonication, 
dispersion stabilisers ↓ average size but still high 
PdI.  
Zeta potential negative in water, less negative 
after sonication and addition of Tween or albumin 

 BIHARI  
et al., 2008 

Zinc oxide 
Powder,  
< 100 nm, 
Sigma-Aldrich 

Size distribution (by DLS) in 
PBS, zeta potential, effect of 
ultrasonication and dispersion 
stabilisers (Tween 80, albumin 
(human, murine, bovine), 
mouse serum) 

In water: agglomeration, high polydispersity 
In PBS: larger agglomerates than in water, Tween 
80 inefficient, but HSA and MSA ↓ agglomerate 
size 
TEM confirms the presence of small agglomerates 
Zeta potential: positive in water, negative after 

 BIHARI  
et al., 2008 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

sonication, less negative after addition of Tween 
or albumin  

Silver 
30 – 50 nm 
Nanostructures & 
Amorphous Materi-
als Ltd. 

Protocol: dispersion in water, 
sonication, stabiliser, finally 
PBS or RPMI Water: Average size and PdI ↓ by ultrasonication 

PBS: average size ↓ by Tween, HSA, MSA but 
still higher than in water 
Zeta potential negative in PBS, less negative after 
addition of dispersion stabilisers 

Results similar as for zinc 
oxide 

BIHARI  
et al., 2008 

Titanium dioxide 
P25 
21 nm, 80/20 
anatase/rutile 
Evonik/Degussa 

Agglomeration in cell culture 
medium without/with FCS, 
method: turbidity AUC 
Dispersion in pure FCS for 
comparison of size deter-
mination methods (DLS ± pre-
filter, AUC, X-ray AUC, TEM, 
Cryo-TEM, energy-dispersive 
X-ray with field emission TEM, 
fractionised optical AUC) 

Mean particle size ↓ with ↑ amount of FCS 
 
 
Methods agreed only within a factor of 4, pure 
optical methods produced results far out of range 
and failed to yield precise mean size values  

Results indicate that no 
individual method is able 
to precisely characterise 
the size distribution of 
agglomerates in disper-
sions 

GOEBBERT 
et al., 2009 

Titanium dioxide 
P25 
21 nm, 80/20 
anatase/rutile 
Evonik/Degussa 

Signal in dispersion in serum dominated by albu-
min, in BAL fluid by oligomer proteins; TiO2 mainly 
agglomerated, only traces (~0.05 %) with size < 
100 nm 

 

Titanium dioxide 
17 nm, stabilised 
with organic poly-
oxy anions, 95/5 
anatase/rutile; ITN 
Nanovation AG 

High percentage (~ 38 %) of NP with size 
< 100 nm detectable in diluted serum and BAL 
fluid 

 

Aluminium oxide 
Boehmit, 2 types: 

Level of agglomeration in di-
luted serum and in lung lavage 
fluid (porcine BAL) by means of 
AUC 

High agglomeration, fraction with size < 100 nm 
very low (≤ 1 %) in diluted serum and BAL fluid 

 

GOEBBERT 
et al., 2009 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

40 nm, and 70 nm, 
Bayer Material 
Science AG 
Cerium dioxide 
14 nm, 20 nm, 
70 nm, Evo-
nik/Degussa 

Agglomeration in diluted serum and BAL fluid, 
Fraction with size < 100 nm in diluted serum:  
in diluted serum for 14 and 20 nm NP: ~ 13 %, ~ 
0.1 % for 70 nm NP;  
in BAL fluid: ~ 2 % (70 nm), < 0.2 % (other)  

 

Titanium dioxide 
15 nm, anatase 
freshly prepared 
flame aerosol 

Effects of ionic strength of vari-
ous media, pH, and ultra-
sonication on electrostatic and 
steric stabilisation and size (by 
DLS) 

Agglomeration ↑ with increased ionic strength,  
zeta potential ↓ at high ionic strength and with 
increasing pH 
Hydrodynamic diameter maximum at isoelectric 
point (pH 6) 
Pyrophosphate addition: absorption, ↑ zeta poten-
tial and stability 
Probe sonication: hydrodynamic diameter compa-
rable to primary NP size 

Titanium dioxide 
P25 
Degussa/Evonik 

Effects of ultrasonication Probe sonication: hydrodynamic diameter still 
larger than primary NP size 

Electrostatic destabili-
sation by monovalent and 
stabilisation by polyvalent 
anions. 
Freshly prepared material 
consists of non-aggre-
gated NP, whereas P25 
is made of aggregates 
which cannot be broken 
up. 

JIANG  
et al., 2009 

Titanium dioxide 
5 different TiO2 
7 nm, anatase 
200 nm, anatase 
30-50 nm, rutile 
(Al2O3-coated) 
30-90 x 5-15 nm² 
(needle-like), rutile, 
(Al2O3-coated) 
70 nm, 40/60 

Dispersion characteristics (by 
DLS) in cell culture medium 
(DMEM) + 10 % FCS 
Initial dispersion in pure FCS 
separated into different size 
classes by centrifugation (8000, 
4000, 2000, 1000, 500 g)   

Average diameter for all particle dispersions > 150 
nm (range: 167 – 250 nm) 
No or only modest decreases in average size over 
time, no marked gravitational settling of particles 
 
Calculations indicate composition mainly of pro-
tein with only 2 – 29 % of TiO2, depending on 
primary NP and size class. 

Pure TiO2 particles of 
observed size should 
settle by gravitation. 
Slow settling may be 
caused by inclusion of 
protein in secondary ag-
glomerates, decreasing 
the particle density 

KATO et al., 
2009, 2010 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

rutile/anatase 
Zinc oxide 
21 nm 
Ishihara Sangyo 
Kaisha Ltd. Japan 

Dispersions stable (no gravitational settling) over 
at least three days, average diameters 121 nm 
(8000 g) to 190 nm (1000 g) 
 
Calculations indicate composition mainly of pro-
tein and 8 – 44 % ZnO, depending on primary NP 
and size class 

Slow settling may be 
caused by inclusion of 
protein in secondary ag-
glomerates, decreasing 
the particle density 

Cerium dioxide 
14 nm, Kasai Co. 
400 nm, Junsai 
Chemical 

Dispersions stable (no gravitational settling) over 
at least three days 
similar average size for both dispersions, regard-
less of primary NP size 
Calculations indicate composition mainly of pro-
tein and 3 – 10 % depending on size class 

Similar results obtained 
for other metal oxides: 
SiO2, CoO, SnO2, Al2O3, 
Y2O3, ZrO2, Sb2O3 , 
La2O3, Gd2O3, indium tin 
oxide, cobalt blue 

Titanium dioxide 
SiO2, Al2O3, Fe2O3, 
CuO, ZrO2, CeO2 
(no further data) 

Effect of cell culture medium 
(RPMI) and FCS on zeta poten-
tial 

TiO2: Zeta potential in water: -10 mV, in RPMI + 
10 % FCS: -18 mV 
Other metal oxide NP: very similar zeta potential 
in medium with FCS, regardless of original value. 

Surface charge of NP 
determined by protein 
absorption 

LIMBACH  
et al., 2005 

Titanium dioxide 
20 nm 
Degussa/Evonik 

Size distribution (by TEM), de-
agglomeration by surrogate 
lung surfactant (DPPC) 

Shift in size from ~ 300 nm (airborne) to ~ 100 nm Agglomerates in airborne 
suspension, de-
agglomeration to aggre-
gates of primary NP, no 
breakdown of aggregates 

MAYNARD, 
2002, 2008 

Titanium dioxide 
Anatase in general 

Calculation of splitting energy 
for aggregates and agglomer-
ates and energy of interaction 
with DPCC 

Intra-aggregate: 10 J/m² 
Inter-aggregate: 1 J/m² 
Interaction with DPCC: 0.05 J/m² 

DPPC and lung surface 
layer are not able to 
break up agglomerates or 
aggregates of TiO2 

Titanium dioxide 
P25 
Degussa/Evonik 

Average particle size in disper-
sions ± DPPC, ± sonication 

No ultrafine particles detectable by TEM, SEM, 
SLS + or – DPPC 
NP (~ 5 nm) detectable in DPPC after bath-

Preparation of NP-
dispersion is critical for 
particle size distribution  

MAIER  
et al., 2006 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

ultrasonication of dispersion  
Tungsten Carbide 
150 nm, no further 
data 

Agglomeration in physiological 
medium (PBS) with/without 
BSA, zeta potential  

Prior addition of BSA to PBS inhibits agglomera-
tion of NP despite low zeta potential (-11 mV) 

Effect similar to that ob-
served for TiO2 by same 
study group 

MEIßNER  
et al., 2007 

Titanium dioxide 
P25 
21 nm, anatase/ 
rutile 80:20 
Degussa/Evonik 

Aggregation (by SEM), effect of 
pH on zeta potential and of 
physiological media composi-
tion on agglomeration (by DLS) 

SEM: aggregated powder of NP 
Zeta potential in NaCl: positive at acidic pH, zero 
at pH 7, negative at alkaline pH 
No agglomeration at acidic pH (low PdI) 
Protein-free media: slightly negative zeta poten-
tial, rapid agglomeration 
PBS + BSA or DMEM + FCS: slightly negative 
zeta potential but no agglomeration 

Zeta potential in physio-
logical media 
(with/without proteins) too 
low for electrostatic stabi-
lisation, adsorption of 
protein leads to stabilisa-
tion by steric effects  

MEIßNER  
et al., 2009 

Titanium dioxide 
9 different TiO2 
(laboratory pre-
pared) 
39 nm: 

- 100 % anatase
- 60/40 an. /rutile
- 61 an./39 rutile;

40 nm: 100 % 
amorphous; 
anatase: 

- 5 nm
- 10 nm
- 16 nm
- 50 nm

- 100 nm

Characterisation of mean parti-
cle diameter (by DLS) in water 
and cell culture media with-
out/with FCS 

Formation of agglomerates in water and in cell 
culture media with/without FCS 
No obvious relationship between primary NP size 
and agglomeration size 
Agglomeration higher in medium than in water, no 
decrease of agglomeration mean size by FCS 
Agglomeration diameter tended to increase with 
increasing rutile content, highest in amorphous 
TiO2 

Possible relationship 
between modification of 
TiO2 (rutile, anatase, 
amorphous) and agglom-
eration 
Results differ from those 
of most other studies on 
commercial TiO2 NP 
Reasons for discrepan-
cies not obvious. 
Results stress the neces-
sity for rigid characterisa-
tion of NP material 

MURDOCK 
et al., 2008 

Aluminium Oxide 
30 nm 

Characterisation of mean parti-
cle diameter (by DLS) in water 

Agglomeration in water and medium with FCS to ~ 
6times the size of primary NP (measured by TEM) 

 MURDOCK 
et al., 2008 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

NovaCentrix 
Aluminium Oxide 
40 nm 
NovaCentrix 

and cell culture media with-
out/with FCS 

Agglomerates in medium without FCS much lar-
ger (> 1000 nm) 

Aluminium 
3 types: 50 nm, 80 
nm, 120 nm 
NovaCentrix 

Characterisation of mean parti-
cle diameter (by DLS) in water 
and cell culture media with-
out/with FCS 

Agglomeration in water and medium with FCS 
similar (~ 3 – 5times the size of primary NP), 
marked agglomeration serum-free medium 

Agglomeration similar to 
that of Al2O3, possibly 
because of oxide layer 
formed on Al in air 

WAGNER  
et al., 2007 

Silicon dioxide 
35 nm, 51 nm, 
110 nm 
~73 nm covered 
with FITC 
~73 nm covered 
with Rhodamin B 

Characterisation of mean parti-
cle diameter (by DLS) in water 
and serum-free cell culture 
medium 

Average diameter in water and medium at or 
close to size of primary NP, very low PdI (mostly 
< 0.1) for dispersions of uncoated NP, 
low PdI (0.2) for SiO2-Rhodamin B, but  
PdI: 1 for SiO2-FITC indicating agglomeration and 
polymodal size distribution 

 MURDOCK 
et al., 2008 

Silver 
Hydrocarbon-
coated 15 nm, 25 
nm, NovaCentrix 
80 nm, uncoated 
Polysaccharide-
coated 10 nm, 25-
30 nm, 80 nm 
Clarkson University 

Agglomeration for all Ag-NP observed in water 
and medium, largest for 80 nm Ag (also very high 
PdI: 0.835 – 1, indicating polymodal size distribu-
tion) 
Coating ↓ agglomeration 
Polysaccharide coated 80 nm: largest agglomer-
ates in medium with FCS 

Coating may reduce ag-
glomeration in water or 
serum-free media but 
may favour agglomera-
tion in protein-containing 
media, depending on type 
of coating 

Copper 
40 nm, 60 nm, 80 
nm, Nova Centrix 

Characterisation of mean parti-
cle diameter (by DLS) in water 
and cell culture media with-
out/with FCS 

TEM: high polydispersity, compact aggregates 
In medium + FCS: similar average size of aggre-
gates/agglomerates, regardless of primary NP 
size, high PdI (0.5 – 1) 
Smallest primary NP formed largest average ag-
glomerates in water an serum-free medium 

 

MURDOCK 
et al., 2008 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

Carbon Black 
30 nm, no further 
data, Cabot Corp., 
Alpharetta 

Characterisation of mean parti-
cle diameter (by DLS) in water 
and serum-free cell culture 
medium 

Agglomeration in water (~ 13 times the size of 
primary NP), much more pronounced in serum-
free medium (~ 65 times the size of primary NP) 

 MURDOCK 
et al., 2008 

Titanium dioxide 
P25 
21 nm, anatase/ 
rutile 80:20 
Degussa/Evonik 

Dispersion pattern (light micro-
scopy, TEM) of probe-sonicated 
dispersions in PBS, BAL-PBS 
from rat lung, DPPC-PBS 

Uniform dispersion (by light microscopy) in PBS, 
large agglomerates in DPPC-PBS 
Dispersion in PBS and BAL-PBS similar by light 
microscopy but in PBS more uniform by TEM 
observations 

No other measurements 
to determine particle size 

Carbon Black 
14 nm (Printex 90, 
Degussa/Evonik) 

Dispersion pattern (light micro-
scopy) of probe-sonicated dis-
persions in PBS, BAL-PBS, 
DPPC-PBS 

Large agglomerates in PBS and DPPC-PBS, 
smaller and fewer agglomerates in BAL fluid, less 
agglomerates in BSA + DPPC than in either of 
these dispersion aids alone 

No other measurements 
to determine particle size 

SAGER  
et al., 2007 

Interaction of NP with physio-
logical media, effects of pro-
teins 

Agglomeration and sedimentation in protein-free 
media, stable dispersion in media containing pro-
teins 
Zeta potential: ~20 mV in water, ~ -10 mV in me-
dium, regardless of protein addition 

Zeta potential gives no 
evidence of protein coat-
ing, but stabilisation of 
dispersion indicates coat-
ing. 

Titanium dioxide 
Probably P25 
Degussa/Evonik 

Comparison of methods (AUC, 
DLS, laser diffraction, TEM, 
slow-speed centrifugation) for 
size characterization 

Optical (turbidity) AUC revealed ↑ fraction of NP 
(≥ 20 nm) with ↑ amount of FCS in medium, even 
without sonication 
DLS and laser diffraction failed, TEM showed 
agglomerates and primary NP, but had limited 
statistical power, risk of artefacts by sample 
preparation 
Only optical AUC suitable to detect small aggre-
gates and primary NP, but calculation of absolute 
concentrations difficult 

Most applied method 
(DLS) for characterisation 
of NP dispersion not able 
to detect or quantify 
presence of small aggre-
gates/primary NP 

SCHULZE  
et al., 2008 

Titanium dioxide 
Probably P25 

Alteration of agglomeration size 
(by SEM and DLS) by addition 

SEM: supplied material consists of aggregates 
and agglomerates 

Addition of protein (BSA) 
does not lead to further 

TANTRA  
et al., 2010 
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Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated Results Remarks/conclusions Reference 

Degussa/Evonik of BSA Homogenous suspension after intense sonication 
and centrifugation 
Addition of BSA: ↓ of zeta potential from positive 
to negative values, but no effect on mean particle 
size 

de-agglomeration or de-
aggregation of intensely 
ultrasonicated TiO2  

Zinc oxide  
(no data); Nanos-
tructured an Amor-
phous Materials, 
Inc. 

Alteration of agglomeration size 
(by SEM and DLS) by addition 
of BSA 

SEM: supplied material consists of aggregates 
and agglomerates, variform, polydispers 
Dispersion: BSA addition ↓ agglomeration and 
zeta potential, ↑ stability over time 
SEM confirmed DLS data and showed evidence 
for presence of individual NP 

ZnO is formed of particle 
aggregates/agglomerates 
that can be broken up to 
individual NP by addition 
of BSA  

TANTRA  
et al., 2010 

Silicon dioxide 
Amorphous, sols, 
different pre-
parations (2 nm to 
335 nm) freshly 
prepared or (Ludox 
SM-30, LS-30, HS-
40) from Sigma-
Aldrich 

Mean average diameter by 
TEM/SEM and by DLS in sus-
pension, zeta potential, stability 
over time 

TEM/SEM: Uniform size distribution (mono-
disperity), hydrodynamic average size in water 
similar to primary particle size. No or at most 
modest increase of average diameter in cell cul-
ture medium (DMEM). Large negative zeta poten-
tials became less negative in cell culture medium. 
Sols stable in water and DMEM. 

Monodisperse silica sus-
pensions prepared by 
controlled hydrolysis of 
tetraethyl silicate, size 
distribution range 2 – 335 
nm. 

THOMAS-
SEN et al., 
2010 

Carbon Black 
14 nm (Printex 90, 
Degussa/Evonik) 

Average size and agglo-
meration in physiological sa-
line + 0.05 % Tween 80  

TEM of dispersed material: "well dispersed,… 
agglomerates … occasionally present"; DLS: 
mean average size 232 nm, range 14 – 337 nm 

In vitro toxicity study, 
dispersion in cell culture 
medium not studied 

TOTSUKA  
et al., 2009 

Titanium dioxide 
< 25 nm, globular 
anatase 
Sigma-Aldrich 
Titanium dioxide 
10 x 40 nm², 
needle-like, rutile 

Characterisation by TEM, SEM 
Effect of dispersion additives 
(DPPC, BSA) and cell culture 
medium (BEGM, RPMI + FCS) 
on bath-sonicated dispersion 
(by optical microscopy image 
analysis), stability over time 

TEM, SEM of original material: aggregated NP, 
sizes ~ 150 nm 
Best dispersion in BEGM: with BSA added, no 
additional effect of DPPC 
RPMI + FCS: slightly lower agglomeration size, no 
additional effect of BSA or DPPC 
No change of dispersed particle size over 72 h 

Analysis of limited validity 
because only optical mi-
croscopy analysis, but 
results (stabilisation of 
dispersion by proteins) in 
agreement with those of 
other studies  

VIPPOLA  
et al., 2009 
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Results Remarks/conclusions Reference Particle  
(Mean primary 
particle size, other 
characteristics, 
source) 

Parameter investigated 

Sigma-Aldrich Dispersion of anatase in Curosurf/FCS compara-
ble to other in protein-containing media  
TEM: nanosized particles < 100 nm present in 
protein-containing media 
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NP Suspension in Air  
 
PAULUHN (2009) conducted an inhalation study in rats to test the hypothesis 
whether pulmonary effects (toxicity and fate) of nanoparticles are more dependent on 
the primary particle size or on the size of agglomerates. The study was performed 
using two calcined aluminium oxyhydroxide (AlOOH, orthorhombic boehmite, from 
Sasol, Germany), one with a primary particle size of ~ 10 nm (Disperal, surface area 
182 g/m²; D50 25 nm), the other with a primary particle size of ~ 40 nm (Pural 200, 
surface area 105 m², D50 40 nm). SEM examinations revealed that the material was 
present as agglomerated micronized particles after dispersion. Male Wistar rats were 
exposed nose-only to 0, 0.4, 3, and 28 mg/m³ of these materials (6 h/d, 5 d/week) for 
4 weeks, followed by a 3-month post-exposure time. Breathing zone concentrations 
were monitored by filter analysis, and particle size analyses were performed by 
means of a cascade impactor and a laser velocimeter. Under the experimental condi-
tions, the MMAD of the primary 10 nm NP in the inhalation exposure chamber was 
1.7 µm (GSD: 1.8), while the primary 40 nm NP formed smaller agglomerates 
(MMAD: 0.6 µm, GSD 2.6). Thus, the substance consisting of the smaller primary NP 
formed larger agglomerates (Disperal-10/1.7) than that consisting of the larger pri-
mary NP (Pural-40/0.6).  
Because for particles with a MMAD of 0.6 µm the fractional alveolar deposition 
(0.105) is known to be higher than for those with 1.7 µm (0.065), the calculated and 
the measured doses to lung tissue and BAL cells are (about twofold) higher for Pural-
40/0.6 than for Disperal-10/1.7, despite identical exposure concentrations. Taking 
into account these differences, the calculated time-course of the cumulative dose of 
aluminium matched the measured data (Al-content in lung tissue and BAL cells) at all 
concentrations in case of Pural-40/0.6, whereas in case of Disperal-10/1.6 the cumu-
lative dose at the lowest concentration was slightly lower than predicted. The author 
assumes that the smaller size and the larger surface area of the 10 nm primary NP 
may have facilitated the dissolution of the particles at this low dose. The highest ex-
posure concentration caused overload, as seen by an increase of the half-life (t½) of 
elimination from lung tissue and BAL cells, relative to the t½ at the lower doses. Al-
though the cumulative dose from Disperal-10/1.7 was about 50 % lower than that of 
Pural-40/0.6, the elimination half life at the highest dose was much more increased 
by Disperal-10/1.7 (295 d in lung) than by Pural-40/0.6 (144 d in lung). A similar but 
less-pronounced effect was observed for the elimination half-life in BAL-cells.  
Differences between Disperal and Pural were also observed with respect to the 
translocation of Al into the lung-associated lymph nodes (LALN). At the end of the 
exposure period and, more pronounced, of the post-exposure period, the LALN bur-
den at the highest exposure concentration was more than 4-fold higher in case of 
Pural-40/0.6 than Disperal-10/1.7. This difference may be explained by the higher 
total dose produced by the exposure to Pural-40/0.6.   
Pulmonary reactions were restricted to the highest exposure concentration (28 
mg/m³). Both AlOOH caused increases in acellular (LDH, ß-NAG, GGT, protein) and 
cellular (total and PMN cell count) inflammatory end points in BAL at the end of the 
exposure period, which largely returned to control levels during the post-exposure 
period. There were no clear differences between the inflammatory potency of the two 
AlOOH particle types, although the to Disperal-10/1.7 led to a slightly more pro-
nounced and sustained influx of PMN in the BAL over the whole experimental period. 
Slight differences were also observed in the time-course pattern of the lung weight, 
i.e., animals exposed to Pural-40/0.6 had slightly (~ 15 %) higher lung weights at the 
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end of the post-exposure period. However, no data were presented whether the ob-
served small differences between Disperal and Pural exposure were statistically sig-
nificant. The exposure to 28 mg/m³ caused slight, non-progressive histopathological 
alterations in the lung (hypercellularity, focal septal thickening, LALN activation). 
However, differences between exposure to Disperal-10/1.7 and Pural-40/0.6 could 
not be observed.   
In summary, the author concluded that, at identical particle mass concentrations in 
the exposure air, the lung burden is substantially higher after exposure to the ag-
glomerates of 0.6 µm MMAD than to those of 1.7 µm MMAD. Furthermore, it was 
concluded by the author that the pulmonary toxicity appeared to be determined by 
the size of agglomerated particles, while the clearance was more dependent on the 
primary particle size, increasing at decreased primary particle size. However, the 
evidence provided by the author must be considered weak regarding differences in 
the toxicity depending on the particle or agglomerate size. 
  
List of Abbreviations 
AUC     Analytical Ultracentrifugation 
BAL     Bronchoalveolar Lavage 
BSA     Bovine Serum Albumin 
CB     Carbon Black 
DLS     Dynamic Light Scattering 
DMEM    Dulbecco's Modified Eagle Medium 
DPPC     Dipalmitoylphosphatidylcholine 
FCS     Fetal Calf Serum 
FTIC     Fluorscein Isothiocyanate 
HBSS     Hank's Buffered Salt Solution 
h, hr/hrs    hour/hours 
HSA     Human Serum Albumin 
MSA     Mouse Serum Albumin 
MWCNT    Multi-Walled Carbon Nanotubes 
NP     nanoparticles 
PBS     Phosphate Buffered Saline 
PdI     Polydispersity Index 
RB     Rhodamin B 
RPMI     Roswell Park Memorial Institute Medium 
SEM     Scanning Electron Microscopy 
SLS     Static Light Scattering 
SWCNT    Single-Walled Carbon Nanotubes 
TEM     Transmission Electron Microscopy 
ζ     zeta 
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Appendix II  
Physico-chemical Data of Nanoparticles  
 
Table A2   TiO2 P 25 
 
Spezifische Oberfläche (BET) 
 

m2/g  50 ± 15  

Mittlere Größe der Primärteilchen 
 

nm  21  

Stampfdichte (ca. Wert)* 
in Anl. an DIN ISO 787/11, Aug. 1983 

g/l  ca. 130  

Trocknungsverlust* 
2 h bei 105°C 

Gew.%  < 1,5  

Glühverlust 
2 h bei 1000 °C bezogen auf die getrocknete Substanz (2 h bei 105 °C) 

Gew.%  < 2,0  

pH-Wert 
4%ige Dispersion 

  3,5 - 4,5  

Titandioxid, bezogen auf die geglühte Substanz Gew.%  > 99,50  

Al2O3-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 0,300  

SiO2-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 0,200  

Fe2O3-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 0,010  

HCl-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 0,300  

Siebrückstand (nach Mocker, 45 µm) 
in Anl. an DIN EN ISO 787/18, Apr. 1984 

Gew.%  < 0,050  

 
AEROXIDE® TiO2 T 805 ist ein nach dem AEROSIL®-Verfahren hergestelltes, be-
sonders feinteiliges Titandioxid, das mit einem Octylsilan hydrophobiert ist. 
 
Table A3   AEROXIDE® TiO2 T 805 
 
Spezifische Oberfläche (BET) 
 

m2/g  45 ± 10  

Mittlere Größe der Primärteilchen 
 

nm  21  

Stampfdichte (ca. Wert)* 
in Anl. an DIN EN ISO 787/11, Aug. 1983 

g/l  ca. 200  

Trocknungsverlust* 
2 h bei 105°C 

Gew.%  < 1,0  

Glühverlust 
2 h bei 1000°C bezogen auf die getrocknete Substanz (2 h bei 105 °C) 

Gew.%  < 5,0  

pH-Wert 
4%ige Dispersion 

  3,0 - 4,0  

Titandioxid-Gehalt, bezogen auf die geglühte Substanz Gew.%  > 97,0  

SiO2-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 2,500  

Fe2O3-Gehalt, bezogen auf die geglühte Substanz Gew.%  < 0,010  

C-Gehalt, bezogen auf die geglühte Substanz Gew.%  2,7 - 3,7  

 * ab Werk 
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Appendix II  
Physico-chemical Data of Nanoparticles - cont'd  
 
AEROSIL® 150 ist eine hydrophile pyrogene Kieselsäure mit einer spezifischen 
Oberfläche von 150 m²/g. 
 
Table A4   AEROSIL® 150 
 

m2/g  Spezifische Oberfläche (BET) 150 ± 15  
 

Mittlere Größe der Primärteilchen nm  14  
 

Stampfdichte (ca. Wert)* 
in Anl. an DIN EN ISO 78 g/l  ca. 50  7/11, Aug.1983 

Trocknungsverlust* Gew.%  <2 h bei 105 °C 

 1,5  

Glühverlust Gew.%  <2 h bei 1000 °C, bezogen auf die getrocknete Substanz (2 h bei 105 °C) 

 1,0  

pH-Wert   3,7 - 4,7  4%ige Dispersion 

SiO2-Gehalt 
bezogen auf die Gew.%  >geglühte Substanz 

 99,8  

* ab Werk 
 
Es handelt sich um unverbindliche Richtwerte. Einzelne Parameter können von Fall 

EROSIL  R 104 ist eine mit D4 (Octamethylcyclotetrasiloxan) hydrophobierte pyro-

able A5   AEROSIL® R 104 

zu Fall spezifiziert werden. 
 

®A
gene Kieselsäure. 
 
T
 

m2/g  Spezifische Oberfläche (BET) 150 ± 15  
 

Mittlere Größe der Primärteilchen nm  14  
 

Stampfdichte (ca. Wert)* g/l  ca. 50  in Anl. an DIN EN ISO 787/11, Aug.1983 

Trocknungsverlust* Gew.%  2 h bei 105 °C 

< 1,5  

Glühverlust 
2 h bei 1000 °C, bez Gew.%  ogen auf die getrocknete Substanz (2 h bei 105 °C) 

< 1,0  

pH-Wert 
4%ige Dispe   rsion 

3,7 - 4,7  

SiO2-Gehalt 
bezogen a Gew.%  >uf die geglühte Substanz 

 99,8  

* ab Werk 

sich um unverbindliche Richtwerte. Einzelne Parameter können von Fall 
zifiziert werden.    

 
Es handelt 
zu Fall spe
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Appendix II  
Physico-chemical Data of Nanoparticles - cont'd  
 
PRINTEX® 90 
 
Beschreibung 
PRINTEX® 90 ist ein High Colour Furnace Black mit einer mittleren Primärteilchen-
größe von 14 nm. Dieser hoch strukturierte Furnace Black hat eine BET-Oberfläche 
von ca. 300 m2/g. PRINTEX® 90 ist im Colour Index als Black 7-77266 aufgeführt. 
Das Produkt ist in Pulverform und als geperlter Pigment Black erhältlich und wird in 
Amerika, Europa, dem Mittleren Osten und Afrika vertrieben.  
 
Chemischer Name  
Amorpher Kohlenstoff 
 
Synonyme  
Furnace Black, Pigment Black, Colour Black, industrially produced Carbon Black 
 
CAS-Nr.  
1333-86-4 
 
Vertriebsgebiet  
Amerika, Europa, Mittlerer Osten und Afrika 
 
Anwendungen  
Gut dispergierbare Pigmente für tiefschwarze Einfärbung von Kunststoffen und Pul-
verlacken  
 
PRINTEX® XE2 
 
Beschreibung 
PRINTEX® XE2 ist ein Extra Conductive Black mit einer mittleren Primärteilchengrö-
ße von 30 nm. Dieser sehr hoch strukturierte Conductive Black hat eine BET-
Oberfläche von ca. 910 m2/g. PRINTEX® XE2 ist im Colour Index als Schwarz 7-
77266 aufgeführt. Das Produkt ist als geperlter Pigment Black erhältlich und wird 
weltweit vertrieben. 
 
Chemischer Name  
Amorpher Kohlenstoff 
 
Synonyme  
Conductive Black, Pigment Black, Colour Black, industrially produced Carbon Black 
 
CAS-Nr. 
1333-86-4 
 
Vertriebsgebiet  
Weltweit 
 
Anwendungen  
Elektrische Leitfähigkeit von Kunststoffen und Lacken, Pigmentierung von elektrisch 
leitfähigen Druckfarbe 
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Appendix III  
Constantan Nanoparticle Generation 
 
Particle generation using spark erosion of a constantan electrode is carried out ac-
cording to the schematic set-up shown in Fig. A1. The spark generator is operated 
with argon at a flow rate between 3 and 4 l/min. Inorder to quench coagulation a fist 
dilution is carried out by mixing air into the argon stream directly behind the reaction 
chamber.   
 

argon

compressed 
air

to inhalation / coagulation 
chamber

constantan
electrodes

high voltage

 
 
 
Fig. A1   Schematics of the spark generator 
 
Growth of the particles can be achieved by ageing in a coagulation chamber. The 
growth rate follows a power law: 
 

z
mob tconstd ⋅= .  

 
Where mobd  is the meanmobility diameter of the agglomerates , t, is the residence 
time in the ageing chamber and z is an exponent taking the value 2/3 for open ag-
glomerates. Fig. A2. shows particle size distributions of the fresh aerosol subject to 
different residence times in the coagulation chamber.  
 
The primary particle size of the agglomerates is between 5 and 7 nm. This is infered 
from TEM pictures of particle samples taken directly behind the generator. It is seen 
that coagulation must have taken place already inside the reaction chamber of the 
spark generator.  
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Appendix III  
Constantan Nanoparticle Generation - cont'd 
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Fig. A2   Particle size distribution (fresh: 25 nm; 42 - 60 - 150 nm) after various  

ageing periods (agglomeration periods) 
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Appendix III  
Constantan Nanoparticle Generation - cont'd 
 
Primary particle diameter: approx. 5-7 nm 
 

      
 

      
 
Fig. A3   TEM pictures of freshly generated constantan nanoparticles  
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Appendix IV  
Certificate of Analysis of Europium Oxide 
 
Formula Eu2O3 
Synonyms Europia, Europium(III) oxide, Europiumsesquioxide 
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Appendix V  
Generation of Nanoscaled TiO2 Suspensions and 
Aerosols  
 
Abstract (EUROTOX 2009) 
 
Nano- and Microscaled Titanium Dioxide: Comparative Study on the Inflammatory 
and Genotoxic Effects after a 3-Week Inhalation in Rats. 
 
O. Creutzenberg, S. Rittinghausen, T. Hansen, G. Pohlmann, C. Ziemann, F. 
Taugner 
 
To investigate the effects of particle size and lung overload of inhaled titanium diox-
ide (TiO2) on toxicity, rats were exposed by inhalation (6 hrs/day on 21 consecutive 
days, post-exposure observation after 3, 28 and 90 days) to clean air, nanoscaled 
(Evonik P-25; 80 %/20 % anatas/rutile type; primary particles 20nm; 2 and 10 mg/m3) 
or microscaled TiO2 (Bayertitan T; inert rutile type; primary particles 1.1µm; 9 and 
45 mg/m3). Estimated final lung burdens amounted to 250 and 1240 or 1150 and 
5760 µg/lung, respectively. For exposure P-25 was dispersed in 0.15 % phosphate 
buffer by mechanical and ultrasonic treatment resulting in substantial numbers of par-
ticles <100nm. Particle deglomeration was proven to occur also after aerosol genera-
tion and inhalation (impinger analysis). Bayertitan T was dispersed with pressurized 
air. Haematology revealed decreases in white blood cells in the high-dose (overload) 
groups at days 28 and 90 for both dusts and on day 3 for P-25 only. This effect was 
thus persistent and was more pronounced for P-25. Interestingly, TiO2-inhalation 
even at overload did not alter levels of polymorphonuclear cells (PMN) in broncho-
alveolar lavage fluid, whereas intratracheal instillation of the same lung burdens 
markedly enhanced PMN levels. On day 28, the hOGG1-modified comet assay indi-
cated oxidative DNA-damage in alveolar macrophages of P-25- but not Bayertitan T-
treated animals. In summary, only at overload TiO2-inhalation mediated a very weak 
inflammatory potential in lungs, with persistent white blood cell depression of treated 
animals. Nanoscaled TiO2 exhibited a slightly higher adverse potential and a ten-
dency towards induction of oxidative DNA-damage.  
 
Fraunhofer Institute of Toxicology and Experimental Medicine (ITEM), Hannover, 
Germany 
 
Poster: Aerosol generation: For exposure TiO2 P 25 was dispersed in 0.15 % phos-
phate buffer by mechanical and ultrasonic treatment resulting in substantial numbers 
of individual particles <100 nm. A droplet aerosol was generated (with subsequent 
drying step). Particle deglomeration was proven to occur also after aerosol genera-
tion and inhalation (impinger analysis of aerosol particles re-suspended in water). 
TiO2 Bayertitan T was dispersed with pressurized air. 
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Appendix V  
Particle Size / ζ-Potential Measurement with Malvern 
Zeta Sizer® (example) - cont'd 
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Appendix V  
Particle Size / ζ-Potential Measurement with Malvern 
ZetaSizer® (example) - cont'd 
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