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intracellular distribution are affected by agglomeration. 
However, agglomeration may represent a risk factor if it 
occurs after translocation across the primary barriers, and 
ENPs are able to accumulate within the tissue and thus 
reduce clearance efficiency.
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Introduction

The production and widespread use of engineered nanopar-
ticles (ENPs) in various fields of application will cause a 
concomitant increase in ENP emission and exposure. ENPs 
are intentionally produced and designed with very specific 
properties related to shape, size, surface properties and 
chemistry. Understanding their effects on environmental 
and human health is therefore of increasing interest and 
as a result, the number of publications dealing with possi-
ble ENP toxicity has been steadily growing in the past few 
years (Haynes 2010).

To a certain extent, organisms have found ways of han-
dling the abundant, naturally occurring NP, but whether 
this is also the case for ENPs needs to be verified. There is 
evidence that besides dosage, the toxicity of ENPs is deter-
mined by their size, shape, surface and what is adsorbed 
on that surface (e.g., ions, biological components) (Fadeel 
and Garcia-Bennett 2010; Kendall et al. 2011; Kendall and 
Holgate 2012; Nel et al. 2009). Furthermore, it has become 
evident that the degree of ENP agglomeration not only has 
an effect on distribution in various environmental com-
partments (i.e., air, water, soil; Fig. 1) (Keller et al. 2010; 
Mädler and Friedlander 2007), and thus the route of uptake 
by humans (Asgharian and Price 2007; Geiser and Kreyling 
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2010; Kreyling et al. 2009), but also on the distribution and 
biological effects of ENPs within the whole body and indi-
vidual cells (Andersson et  al. 2011; Fraczek et  al. 2008). 
Agglomeration may also lead to misleading results in cell 
culture studies evaluating ENP cytotoxicity (Wittmaack 
2011a, b), because it may result in sedimentation of the 
ENPs onto the cells, drastically increasing their exposure to 
the ENPs and changing what the cells are exposed to (i.e., 
single particles versus various sized agglomerated ENPs).

In this review, we discuss the implications of ENP 
agglomeration on human exposure, transport within the 
body, accumulation and toxicity.

Definitions of nanoparticles, agglomeration, 
and aggregation

According to ASTM E2456-06, NP are defined as a “sub-
classification of ultrafine particle with lengths in two or 
three dimensions greater than 0.001 µm (1 nm) and smaller 
than about 0.1  µm (100  nm) and which may or may not 
exhibit a size-related intensive property” (ASTM E2456 
2006). In practice, this definition cannot be used because 
ENPs are not produced in one defined size but around a 
certain size. Depending on the material and method of pro-
duction, the size distribution is wide or narrow and may 
even be variable. To take this into account, a practical def-
inition of NP was proposed by Kreyling et  al. in (2010), 
based on the volume specific surface area, also known as 
the Brunauer–Emmett–Teller–specific surface area. In the 

case of NP, this needs to be larger than 60 m2/cm3 (Krey-
ling et  al. 2010). More recently, the EU commission rec-
ommended defining a nanomaterial as, “A natural, inci-
dental or manufactured material containing particles, in an 
unbound state or as an aggregate or as an agglomerate and 
where, for 50 % or more of the particles in the number size 
distribution, one or more external dimensions is in the size 
range 1–100 nm. In specific cases and where warranted by 
concerns for the environment, health, safety or competitive-
ness the number size distribution threshold of 50  % may 
be replaced by a threshold between 1 and 50 %” (Potocnik 
2011). The same recommendation stated that “A material 
which, based on its number size distribution, is a nanoma-
terial should be considered as complying with this defini-
tion even if the material has a specific surface area lower 
than 60 m2/cm3.”

ENPs are present individually or as part of larger entities 
composed of agglomerated or aggregated ENPs. The sin-
gle ENP is termed as the primary entity and the agglomer-
ated or aggregated ENP as secondary. In 2009, the Euro-
pean Food Safety Authority (Barlow et  al. 2009) defined 
agglomerate and aggregate as follows: “An agglomerate is 
a group of NP (such as primary NPs) held together by weak 
forces, such as van der Waals forces or electrostatic forces. 
An aggregate is a group of NP (such as primary NPs) held 
together by strong forces, such as those associated with 
covalent or metallic bonds”. Generally, in the case of an 
agglomerate, the external surface area is similar to the sum 
of the surface areas of the individual components, and in 

Fig. 1   Schematic and simplified pathway of the release, exposure and tissue distribution of ENPs to their final cellular site of action. Thin 
arrows material flow; Thick arrows reaction equilibrium and barrier transfer
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the case of an aggregate, this area is significantly smaller. 
Consequently, it was recently suggested that “agglomerate” 
should be defined as: “a collection of weakly bound parti-
cles or aggregates where the resulting external surface area 
is similar to the sum of the surface areas of the individual 
components” and that “aggregate” is as “a particle com-
prising of strongly bound or fused particles” (ISO/TC229 
2013). The degree of agglomeration is defined by A = D/d, 
in which A stands for the parameter of NP agglomera-
tion, D for the agglomerate median diameter, and d for the 
median diameter of the NP (Shin and Lee 1997). In con-
trast to aggregates, secondary NPs as an agglomerate may 
preserve some of the properties of the primary NPs, such 
as high surface area and reactivity. Furthermore, because 
agglomerates are held together by weak forces, they may 
disintegrate in biological environments and thereby change 
their potential effect, in contrast to aggregates.

Effect of medium, particle mobility and sedimentation 
on agglomerates

After the release of ENPs into air or water, exertion of 
different forces determines their final distribution in the 
medium. On the one hand, gravitational forces induce 
ENPs to sediment, but on the other hand, the direction of 
the ENP movement can be either random Brownian particle 
diffusion or the same as that of the medium carrying the 
ENPs.

Sedimentation

When the specific gravity of the ENP constituents is larger 
than that of the surrounding medium, the terminal sedi-
mentation velocity of a particle can be computed from 
the balance of gravity, buoyancy and drag forces. When 
ENPs form large agglomerates, the sedimentation velocity 
increases and sedimentation can be an important mecha-
nism for ENP transport (Hinderliter et al. 2010; Teeguarden 
et  al. 2007). However, agglomerates often have a porous 
structure that entraps the surrounding medium within, 
resulting in an effective density of the agglomerate that 
is significantly different from that of the raw material and 
producing a sedimentation velocity that is lower than that 
of compact spheres of the same size. Sedimentation is the 
key process by which ENPs are removed from the air and 
water compartments.

Brownian particle diffusion

The main transport mechanism of ENPs is Brownian parti-
cle diffusion. As this force is stronger for smaller particles, 
diffusion is a much more effective transport mechanism for 
ENPs than for micrometer-sized particles or agglomerates 

(Mädler and Friedlander 2007). Hinderliter et  al. (2010) 
showed that in motionless medium, small particles (much 
smaller than 10 nm), especially are transported by diffusion 
and large particles (much larger than 200 nm) by sedimen-
tation. Particles between these size ranges are affected by 
both sedimentation and Brownian diffusion.

Motion of the carrier medium

If there exists relative motion between the medium and 
ENPs, ENPs experience a drag force which results in a 
retarding or opposing force to the relative velocity between 
the particle and medium. In the case of agglomerated 
ENPs, the drag force acting on the agglomerate is larger 
than that on a compact sphere of the same material volume 
(or mass, assuming the uniform material). This is because 
a compact sphere has minimal surface area for a given vol-
ume, thus having less interaction with molecules of the sur-
rounding medium.

In summary, agglomeration increases the likelihood of 
ENPs being removed from the air and water compartments 
and as a result reduces the chance of them being taken up 
by biological systems. Motion of air or water significantly 
counteracts the sedimentation process.

Fate of ENPs in the environment

Effect of agglomeration on ENP distribution in air

Data summarized by Kuhlbush et al. (2011) show the real-
ity of release and exposure of ENPs, and of unintention-
ally produced NPs, and their agglomerates in workplaces. 
For instance, measurements at workplaces manufacturing 
TiO2 ENPs, depending on the phase of the reactor, showed 
a peak at approximately 50–100 nm and/or approximately 
400–500  nm as revealed by analysis of the total parti-
cle number–size distribution. The larger sizes are thought 
to reflect ENP agglomeration (Lee et  al. 2011). They 
made similar observations in silver ENP manufacturing 
workplaces.

Even during production, ENPs may form agglomerates 
and aggregates in the ambient atmosphere. Agglomera-
tion of ENPs in air is greatly affected by electrostatic and 
van der Waals forces. The electrostatic repulsion/attraction 
forces are primarily dependent on the surface charge and 
the homogeneity of that charge. In air, strongly charged 
ENPs with the same charge will repel each other, whereas 
those of opposite charge will attract, promoting agglom-
eration. In the absence of a surface charge, van der Waals 
forces have a key role in promoting agglomeration when 
ENPs are in close contact,  because of Brownian motion, 
shear forces, turbulence, etc. Van der Waals forces result 
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from the quantum mechanical movement of electrons giv-
ing rise to a small but important dipole in the particle, 
thereby inducing a dipole moment in the atoms of the adja-
cent particle (Nel et al. 2009).

In the case of vehicle emissions, the main factor deter-
mining the transport speed and direction of particles is 
the prevailing wind (Morawska et  al. 2008). Charron and 
Harrison (2003) observed a decrease in approximately 
10,000 normalized counts/cm3 for particles in the range of 
30–100 nm in vehicle emissions and a modal shift toward 
smaller values with increasing wind speed. NP-contami-
nated air will mix with uncontaminated air, resulting in par-
ticle dilution (Shi et al. 1999) and decreasing the opportu-
nity for NPs to agglomerate. The chance of agglomeration 
occurring is maximal at locations with increased ENP con-
centrations (i.e., the site of production) (Stahlmecke et  al. 
2009). Agglomeration not only reduces the number of enti-
ties (individual particles, agglomerates) per cubic meter but 
also increases the sedimentation velocity, as mentioned ear-
lier. Other possibilities of atmospheric ENP removal are rain 
(Garcia-Nieto et  al. 1994) and adsorption to material sur-
faces or attachment to other particles (Schneider and Jensen 
2009). Thus, dilution by mixing, sedimentation, wash out 
and adsorption result in reduced human exposure to ENPs.

Studies of the transport and transformation of ENPs in 
air after their release are still scarce. Initial steps to eluci-
date the various complex processes occurring in air have 
been made in laboratory-scale experiments (Kuhlbusch 
et al. 2011; Walser et al. 2012). Theoretical and numerical 
calculations may help improving prediction of the fate of 
particles in air and from that the potential size and type of 
exposure of biological systems.

Effect of ENP surface properties and the composition 
of water on agglomeration

ENPs entering the aquatic environment may remain as sin-
gle, well-dispersed particles, reflecting their high colloidal 
stability, but often they tend to agglomerate in water. For 
instance, Keller et al. (2010) found that in water, TiO2 and 
CeO2 ENPs with primary particle sizes (PPS) of 27  nm 
size globules and of 8  ×  67  nm-sized rods, respectively, 
directly agglomerate to sizes (secondary particle size; SPS) 
of approximately 200  nm. In a series using other ENPs, 
similar observations were made by Lin et  al. (2010). If 
the agglomerates (and aggregates) are large enough, their 
mobility decreases and sedimentation is more likely to 
occur, resulting in ENP removal from the aquatic environ-
ment. Besides sedimentation, ENPs are eliminated from 
this compartment by attachment to an (macro-sized) immo-
bile material, by dissolution processes, or by chemical 
reactions. Agglomeration/aggregation to larger entities may 
increase not only the likelihood of sedimentation but also 

of being taken up by aquatic lower organisms, as will be 
discussed later.

Factors influencing agglomeration/aggregation in the 
aquatic environment are manifold (Chowdhury et al. 2012; 
Elimelech and Omelia 1990; Guzman et al. 2006; Karakoti 
et  al. 2008; Keller et  al. 2010; Lecoanet et  al. 2004; Lin 
et  al. 2010; Loosli and Stoll 2012; Nel et  al. 2009; Shih 
et  al. 2012; von der Kammer et  al. 2010). The agglom-
eration process is primarily determined by the material’s 
surface charge, but other parameters such concentration 
(Allouni et al. 2009), size (Bae et al. 2010), shape, includ-
ing surface structure (Andersson et al. 2011) and chemical 
composition (Ahamed et al. 2008) are also important.

In water, besides the repulsive electrostatic forces, 
which act on ENPs in air, an additional effect may deter-
mine whether ENPs agglomerate or not (Fig.  2). Water 
will adhere to ENPs with a hydrophilic surface, forming a 
steric bumper layer that makes it difficult for ENPs to come 
into contact and thus inhibit agglomeration (hydrophilic 
repulsion) (Nel et  al. 2009). The hydrodynamic diam-
eter in a description of ENP size takes this bound water 
into account. By reducing the surface net charge (e.g., by 
changing the pH toward the isoelectric point), the electro-
static forces and hydrodynamic diameter will be reduced 
and concomitantly the repulsion. At a surface charge value 
[expressed as zeta-potential (ζ)] <25 mV, it is assumed that 
water is less bound to the particle surface and electrostatic 
repulsion is weak. In this situation, ENP agglomeration is 
favored (Guzman et  al. 2006; Jiang et  al. 2009). A more 
precise scale with regard to ζ and colloidal stability is given 
by Lin et  al. (2010). In line with this (Andersson et  al. 
2011), evaluating different TiO2 ENPs in phosphate-buff-
ered saline solution seldom observed individual ENPs with 
a ζ between 20 and 24  mV. However, it should be noted 
that the correlation between low ζ magnitude (defined by 
electrophoretic mobility) and low dispersion stability does 
not always exist (von der Kammer et al. 2010).

Besides the aforementioned material characteristics, 
agglomeration is directly affected by environmental param-
eters, the most important of which are temperature (Kara-
koti et  al. 2008), pH as discussed (Guzman et  al. 2006; 
Limbach et  al. 2008; von der Kammer et  al. 2010) and 
water chemistry [ionic strength, presence of relevant mono-
valent and divalent ions, concentration of natural organic 
matter (NOM), etc.)]. The effects of water chemistry will 
be discussed in more detail.

Ionic strength

Charged ions present in the aqueous medium (such as 
Na+) are known to potentially influence the hydrodynamic 
diameter (Jiang et al. 2009) and thus hydrophilic repulsion. 
Ottofuelling et  al. (2011) showed that in the presence of 
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SO4
2−, despite the revealed high negative ζ, the TiO2 parti-

cles were agglomerated. The extent of the effect of ions on 
agglomeration/aggregation is dependent on their type and 
concentration (von der Kammer et  al. 2010). Ions of the 
same type as the ENP (e.g., after dissolution of ENP mate-
rial) will affect agglomeration. For instance, (Bae et  al. 
2010), using phosphate-buffered saline showed that silver 
ions contributed to the silver ENP agglomeration rate being 
maximal if the ionic ratio was >25 %.

Natural organic matter

NOM may influence the surface property and charge 
of ENPs and thus affect their agglomeration/deposition 

properties (Fig. 2). Depending on their own size and char-
acteristics, these NOM may reduce (Baalousha 2009; Chen 
and Elimelech 2008; Keller et  al. 2010) or induce (Quik 
et al. 2012) agglomeration.

Synergistic effects of multiple factors

By simultaneously evaluating the effect of two different 
factors on agglomeration behavior, von der Kammer et al. 
(2010) showed that interactions are complex even in simple 
defined systems. Because the composition of natural water 
varies (e.g., (Brunelli et al. 2013; Tsuda et al. 2010), pre-
dicting final agglomerate sizes and fate after the introduc-
tion of ENPs becomes rather challenging (Brunelli et  al. 
2013; Lin et al. 2010; von der Kammer et al. 2010). There-
fore, ENP concentration and agglomerate size distribution 
have to be assessed case by case.

In summary, after introduction to the aquatic environ-
ment, ENPs and other NPs generally tend to agglomerate 
and thus to sediment. Dissolved components such as salts 
and organic matter may greatly affect the latter process.

Effect of uptake by and interaction with lower aquatic 
organisms on agglomeration

In the aquatic environment, ENPs and their agglomerates 
may interact with the aquatic fauna and as a result alter 
the degree of agglomeration. For instance, micrometer-
sized ENP agglomerates may deagglomerate and disperse 
under the influence of bacteria. Horst et  al. (2010) stud-
ied the effect of an environmental strain of the bacterium 
Pseudomonas aeruginosa on the SPS of agglomerated TiO2 
ENPs (PPS: 16  nm; initial SPS: 0.2–18  µm) and showed 
that in the presence of the bacteria, the frequencies of 
medium and large agglomerates (6–12 and 12–18  µm, 
respectively) were either sharply reduced or eliminated, 
respectively, whereas that of small agglomerates (0–6 µm) 
increased. This observed deagglomerating effect may be 
related to interaction with bacterial surfactants, as several 
strains of bacteria are known to produce molecules with 
surfactant properties (Bento et al. 2005).

The uptake of ENPs by aquatic animals is mainly 
restricted to adsorption, normal feeding and/or water filtra-
tion through the gills. For example, crustacean filter feeders 
have a high efficacy for accumulating relative low concen-
trations of entities in the size range of their common food 
(e.g., algae, bacteria) particularly around ≥0.5 µm (Gophen 
and Geller 1984). Therefore, these animals could poten-
tially take up various types of agglomerated NP, including 
ENPs. For instance, agglomerated TiO2 ENPs (PPS: 30 nm; 
SPS: 360  nm) can be taken up by the filter-feeding/graz-
ing freshwater microcrustacean Daphnia magna and accu-
mulate in the gut (Hartmann et al. 2012). The same species 

Fig. 2   ENPs in an organic material containing solution and the 
forces determining agglomeration considering van der Waals (vDW), 
electrostatic and depletion (as result of osmotic pressure) forces (Vel-
egol 2007). Binding of organic material alters the surface charge and 
the layer of water molecules that are bound to the particle (a). Sol-
vation/solvophobic forces determine the binding/repulsion of water 
molecules and by that the steric bumper layer diminishing or inhibit-
ing agglomeration. b correlation between the size of the gap between 
particles and the height of the vDW, electrostatic and the force 
described by the Derjaguin–Landau–Verwey–Overbeek (DLVO) 
force theory obtained by a combination of the vDW and electrostatic 
forces. [Reprinted with permission of (Velegol 2007) ©SPIE 2007]



664	 Arch Toxicol (2015) 89:659–675

1 3

have been reported to ingest and accumulate agglomerates 
of C60 at SPS >0.45  µm and of nanosized CNTs (Baun 
et al. 2008; Petersen et al. 2009). After exposing the filter-
feeding organism crustacean Thamnocephalus platyurus 
to aqueous suspensions of the fullerenes C60 and C70, 
agglomerates with SPS of 5–10 µm were found in the gut, 
being an order of magnitude larger than the suspended 
fullerene agglomerates (SPS: 517 ± 21 and 656 ± 39 nm) 
(Patra et  al. 2011). The excreted fullerene agglomerates 
were even larger (in the 10–70  µm range) and remained 
agglomerated even after 6  months if stored in pure water 
at room temperature. Similar observations were made by 
Roberts et  al. (2007), who treated Daphnia magna with 
well-dispersed lipid-coated carbon nanotubes and found 
that the excreted nanotubes were no longer water soluble 
and agglomerated because of digestion of the lipid coat-
ing that had previously allowed the nanotubes to remain 
dispersed in suspension. Excretion of CNT is reported to 
be enhanced by subsequent feeding with algae (Petersen 
et al. 2009). These examples clearly show that not only the 
characteristics/composition of water affect the degree of 
ENP agglomeration but also the organisms that the aquatic 
environment hosts. Their importance has so far not been 
investigated.

Uptake by humans and toxicity of ENPs

Effect of particle/agglomerate size

ENPs that are released into the environment can be taken 
up by humans through two major routes: the respiratory 
tract, with an estimated surface of 1400 m2, and the gastro-
intestinal tract, with an estimated surface of 200 m2 in adult 
humans. As the third largest interface between the body 
and its environment, with an estimated surface of 1.9  m2 
in adult humans, skin is also exposed to NPs, sometimes 
willingly in large amount (e.g., sunscreen). However, so 
far there is not any evidence that a significant amount of 
NPs can enter the body through the skin, as long as they are 
not specially produced to overcome this barrier (Lademann 
et al. 2013).

Uptake by the respiratory tract

With every breath, aerosolized particles will be inhaled. 
Besides knowing what is inhaled, it is important to know 
where inhaled particles will be deposited. Based on the 
presence of ciliated lung epithelial cells, the respiratory 
tract can be divided into the upper, tracheobronchial system 
and the deeper, alveolar system without such cells. In the 
upper part, mucus and collected deposits are transported 
by the mucociliary “escalator” toward the pharynx and 

swallowed (mucociliary clearance), but the alveoli are not 
covered by ciliated cells. As a result, deposited particles are 
removed very slowly and mainly by alveolar macrophages 
(Geiser and Kreyling 2010; Semmler et al. 2004).

Where particles and their agglomerates are deposited in 
the lung depends on their size (Fleming et al. 1996). Using 
eight human volunteers and 2.7- , 3.6- and 5.4-µm radioac-
tive mannose particles, Glover et al. (2008) showed that the 
5.4-µm particles were mostly deposited extrathoracically 
(e.g., in the nose: 70 %) and only 3.7 %, but 7.3 % of the 
2.7-µm particles, reached the alveolar region. Particles under 
10 nm in diameter are effectively removed from inhaled air in 
the tracheobronchial system, with little or no penetration into 
the pulmonary (alveolar) region (Asgharian and Price 2007). 
In the alveoli, it is predominantly particles in the range of 
10–3,000  nm (maximum  ≈  20–40  nm) that are deposited 
(Creutzenberg 2012; Geiser and Kreyling 2010). Thus, the 
sizes of particles and their agglomerates that are predomi-
nantly present in ENP manufacturing workplaces (see sec-
tion “Effect of uptake by and interaction with lower aquatic 
organisms on agglomeration”) will maximally deposit in the 
region of the lung without mucociliary clearance.

After deposition in the alveolar region of the lung, par-
ticles and their agglomerates come into contact with pul-
monary surfactants (Gasser et  al. 2010). Besides nonpro-
tein surfactant molecules (e.g., phosphatidylcholine), these 
comprise surfactant proteins A, B, C and D, with surfactant 
protein A being the most prevalent (Griese 1999; Ruge 
et al. 2011). The hydrophilic surfactant proteins A and D, 
especially contribute to pulmonary defence (Kishore et al. 
2006). Comparing two magnetite-based sub-micrometer-
sized particles, Ruge et al. (2011) found that, in vitro, sur-
factant protein D, especially adsorbs to hydrophobic parti-
cles with ζ of +3 mV (PPS: 150 nm) and surfactant protein 
A to hydrophilic ones with a ζ of +25 mV (PPS: 130 nm).

The binding of surfactant proteins may affect the fate 
of ENPs in two ways. In the first place, they may (similar 
to NOM in the aquatic environment) circumvent (further) 
ENP agglomeration or force agglomerates to deagglom-
erate (Maynard 2002). However, on the other hand, as 
reported for surfactant protein D (especially in the pres-
ence of 2  mM calcium), these surfactants may also pro-
mote agglomeration (Kendall et al. 2013). There is in vivo 
experimental evidence from Creutzenberg et  al. (2012) of 
an increase in agglomerate size after instillation of rat lungs 
with TiO2 ENPs (PPS and SPS: 180 nm), which suggests 
that in the lung the tendency to agglomerate predominates.

In the second place, the adsorbed components have an 
effect on the way that ENPs are eliminated from the pul-
monary region. For instance, Ruge et  al. (2011) showed 
that in the presence of surfactant proteins, magnetite-based 
sub-micrometer-sized particles are increasingly taken up by 
alveolar macrophages. This is supported by in vivo findings. 
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Kendall et  al. (2013) showed that in surfactant D knockout 
mice, the uptake by alveolar macrophages of various types 
of polystyrene latex microspheres with sizes in the range of 
80–500 nm and ζ ranging from −20 to −40 mV was reduced.

Phagocytosis by alveolar macrophages followed by their 
migration into the bronchial system is proposed as a key 
mechanisms of particle clearance from the alveolar region 
(Geiser and Kreyling 2010; Möller et  al. 2008). By using 
iron microparticle inhalation studies, Lehnert and Morrow 
showed that after 24 h, more than 90 % of the lavaged par-
ticles were associated with alveolar macrophages (Lehnert 
and Morrow 1985). Similarly, in mice inhalation studies 
using gold ENPs (PPS: 21 nm; SPS in lavage: ≤ 100 nm 
and in macrophages >100  nm), after 24  h, approximately 
83  % of the entities were associated with macrophages 
(Geiser et al. 2013). Furthermore, they found that approxi-
mately 2 % of the particles were located in epithelial cells, 
which are in agreement with the assumption that translo-
cation of NPs into lung tissue is another, although minor, 
route of alveolar clearance (Geiser and Kreyling 2010). 
The translocation velocity toward the lung and other tissues 
is affected by material characteristics, including surface 
chemistry and particle size, with smaller particles being 
more rapidly translocated from the lung into various other 
tissues (Geiser and Kreyling 2010; Kreyling et al. 2009).

Uptake by the gastrointestinal tract

Initially, the food and fluid that are concomitantly con-
sumed will affect the degree of ENP agglomeration (Peters 
et  al. 2012). Furthermore, binding to indigestible food 
components diminishes the chance of ENPs being retained 
in the body. Throughout the gastrointestinal tract (stomach, 
small intestine and large intestine), ENPs and their agglom-
erates are subjected to different pH, varying from approxi-
mately 1.5 (stomach), 6 (duodenum) to approximately 
7.4 (terminal ilium) (Fallingborg 1999). In the stomach, 
acid-sensitive ENPs will probably be eliminated by disso-
lution. ENPs with a critical isoelectrical point within the 
pH range of 1.5–7.4 will probably (further) agglomerate 
in those regions of the gastrointestinal tract with this pH 
if the ENP concentration is high enough locally or, more 
likely, through attachment to food components. Surfactant 
molecules (e.g., the typical lung surfactant proteins A, B, 
C and D), liver-produced bile and surfactant lipoprotein 
lamellar structures (the so-called surfactant-like parti-
cles) are released into the lumen of the gastrointestinal 
tract where they play among others an immunoregulatory 
role and digestion-promoting and/or uptake promoting 
roles regarding useful food components (Akella and Desh-
pand 2013; Mahmood et  al. 2003; Rubio et  al. 1995). As 
in the lung, these surfactants may also affect the degree 
of agglomeration, but so far it has not been reported how 

these surfactants depress or promote agglomeration. As 
mentioned in section “Effect of uptake by and interaction 
with lower aquatic organisms on agglomeration”, the pres-
ence of bacteria in the small and large intestines may also 
decrease the degree of ENP agglomeration. Thus, various 
factors influence the degree to which ENPs agglomerate 
and hence their availability for uptake.

Animal studies (unfortunately only investigating the 
final stage regarding ENP uptake after ingestion) suggest 
that in the gastrointestinal tract, smaller entities are more 
likely to be taken up than larger ones. For instance, Hillyer 
and Albrecht (Hillyer and Albrecht 2001) evaluating the 
fate of colloidal gold ENPs (PPS: 4, 10, 28 and 58  nm) 
after oral administration (mice) for 7  days found that the 
smaller ENPs were more readily taken up. Jani et al. (1990) 
evaluated the extent of absorption by rats after daily gav-
age for 10 days of radiolabeled polystyrene particles (PPS: 
50–3000 nm) and found that 34 % of the 50-nm particles 
and 26 % of the administered 100-nm particles were taken 
up, using the retained radioactivity in the body as an index. 
No evidence of a significant uptake of particles with PPS 
>300  nm was found. Schleh et  al. (2012) also reported a 
size dependency for ENP uptake. They evaluated the gold 
content in the circulation 24  h after a single intraesopha-
geal application (rats) of 1.4–200 nm (SO3

−) functionalized 
negatively charged (−20 to −40  mV) gold ENPs. Of the 
1.4-nm particles, 0.37  % but only 0.01  % of the 200  nm 
particles was found in the circulation (Schleh et al. 2012). 
It is interesting to note that by comparing (COO−) and 
(NH3

+) functionalized 2.8-nm gold ENPs, they found that 
almost 3-fold more of the negatively charged ENPs were 
taken up. To our knowledge, there are no reports so far on 
the effect of agglomeration on gastrointestinal ENP uptake, 
but it may be assumed that agglomerates behave like large 
particles, which may reduce or even prevent their uptake.

In summary, the uptake of particles and agglomerates 
through the lung is restricted to those reaching the alve-
oli, being predominantly in the nanometer-submicrometer 
range (maximum  ≈  20–40  nm). The possibility of being 
taken up in the alveoli, and also in the gastrointestinal tract, 
is reduced with increasing size, with (nearly) no particle/
agglomerate uptake at sizes above 0.3 µm.

Effect of ENP agglomerate/particle size on tissue 
distribution

The effect of particle size and/or degree of agglomeration on 
tissue distribution has been the focus of several studies. Ani-
mals have been exposed by inhalation or lung instillation, by 
esophageal application or by injection (intravenous or intra-
muscular). Regarding lung exposure, for instance, Kreyling 
et  al. (2009) could not find a difference in iridium reten-
tion in the various investigated tissues 24 h after inhalation 
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of iridium ENP agglomerates (PPS: 2–4  nm; SPS: 20 and 
80 nm) by rats, taking the difference in ENP uptake by the 
lung into account. Schlech and et al. (2012) evaluated gold 
ENPs (PPS: 1.4, 5, 18, 80 and 200 nm) and showed that the 
1.4- and 18-nm sizes, especially, remained in the carcass 
24 h after esophageal application. Of the 1.4- and 5-nm ENP, 
approximately twice the amount of gold was retained in the 
kidney in comparison with spleen plus liver, and the small 
amount of the 80- and 200-nm ENPs taken up tended to 
accumulate predominantly in the liver plus spleen.

In contrast to exposure through the lung or intestines, 
injection of ENPs circumvents the barriers to enter the 
body. Intravenously injected ENPs are widely distrib-
uted through the body, and the extent of ENP tissue dis-
tribution is greatly modulated by particle and agglomerate 
size. By measuring total organ gold content, Keene et  al. 
(2012) found that 24 h after intravenous injection of mice 
with gold ENPs (PPS: 5–8  nm) at different degrees of 
agglomeration/aggregation (SPS at moment of injection: 
5–8, 30–200 or 500–2,000 nm) resulted in different tissue 
distributions. Injection of dispersed single ENPs resulted 
in accumulation primarily in the liver (≈60 %) and spleen 
(≈25  %), whereas after injection of small agglomerates, 
gold was found to be nearly equally distributed and nearly 
exclusively in the liver, spleen and lung. The applica-
tion of large agglomerates gave rise to gold accumulation 
predominantly in the spleen (≈65  %) and lung (≈25  %). 
De Jong et al. (2008) injected rats intravenously with dis-
persed gold particles of 10, 50, 100 and 200  nm (PPS; 
with no quantitative information regarding SPS); of these, 
the 10 nm ENPs had the most widespread organ distribu-
tion (brain, thymus and testis). A similar result was found 
by Hirn et al. (2011), performing a comparable experiment. 
In order to determine the particle size limitation regarding 
ENP transfer into tissues, Yaehne et al. (2013) used chicken 
embryo chorioallantoic membrane as a blood vessel–tissue 
model. They took as the index for ENP transfer the degree 
of retention of carboxy-polysterene particles (PPS: 20, 50, 
100 and 250 nm) by the blood vessel–tissue. In this model, 
an inverse correlation was found between particle size and 
uptake velocity, with 250-nm particles not being taken up. 
Uptake was nearly restricted to particles with a slightly 
negative (<−10  mV) or positive ζ. Furthermore, interest-
ingly, a similar particle size threshold for crossing the pla-
cental barrier is reported (Wick et al. 2010).

As soon as particles are transferred into a tissue or if they 
are directly injected into it (e.g., intramuscularly), the extra-
cellular matrix (ECM) may limit particle and agglomerate 
distribution by adsorption and filter phenomena (Good-
man et  al. 2008). The latter is, especially significant with 
increased particle and agglomerate sizes. For instance, in 
the case of single wall (SWCNT) and multiwall (MWCNT) 
carbonnanotubes, Fraczek et  al. (2008) found that after 

intramuscular injection, the larger MWCNT agglomer-
ates (PPS: diameter 5–20 nm; length: 300–2,000 nm; SPS: 
5–300  µm) remained at the site of injection, whereas the 
smaller SWCNT agglomerates (PPS: diameter 2–3  nm; 
length: 30–50 nm; SPS: 5–35 µm) were taken up by mac-
rophages and transported to the lymph nodes. A study by 
Popović et al. (2010) investigating the translocation of fluo-
rescent silica-based ENPs of different sizes (PPS: 12, 60, 
125 nm) showed that after intravenous administration into 
tumor-bearing mice, only the 12-nm particles had migrated 
significantly from the blood vessel into the tumor. Thus, 
agglomerate size may play an important role in particle dis-
tribution within the tissue, but as far as we know there are 
no reports on the extent to which agglomerate size changes 
distribution within tissues.

In summary, not only ENP transfer into the body but 
also tissue distribution is greatly affected not only by sur-
face chemistry but also particle and agglomerate size, with 
the smallest ones having the most widespread systemic 
distribution. There is evidence that particles of ≥250  nm 
have a very low to negligible likelihood of being trans-
ferred from the bloodstream into tissues. Increased particle 
and agglomerate size seems to greatly limit the dispersion 
within the tissue, but the extent to which agglomerate size 
changes distribution within the tissue is still unknown.

Effect of ENP agglomerate/particle size on transport 
into and distribution within the cell

The cell membrane is an important barrier between the extra-
cellular and intracellular space. Rothen-Rutishauser et  al. 
(2006) showed that erythrocytes were able to take up parti-
cles (non-agglomerated polystyrene and gold particles, TiO2 
agglomerates) ≤0.2 µm in size but not bigger ones. Because 
erythrocytes do not have phagocytic or endocytotic abili-
ties, this finding strongly suggests that such uptake occurs 
through an energy independent, diffusion-like process. There 
is evidence that overall size of the particle affects cellular 
uptake, independent of whether this particle consists of a 
single unit or of a cluster of particles (aggregate/agglomer-
ate) (Rothen-Rutishauser et  al. 2006). In general, uptake 
processes (Fig. 3) are, however, energy dependent and may 
occur through different pathways (Fig. 3).

Using non-agglomerated latex particles in the size 
range of 50–1000 nm and non-phagocytic B16 cells, Rej-
man et al. (2004) showed that the 50–100 nm beads were 
taken up very rapidly in contrast to larger particles, pos-
sibly by a receptor-mediated process. In line with this, by 
comparing monodispersed negatively charged polystyrene 
particles (d-α-tocopheryl polyethylene glycol 1,000 succi-
nate-coated and uncoated) in the size range of 25–500 nm, 
Kulkarni and Feng (2013) reported that uptake was maxi-
mal at approximately 100  nm (PPS), as measured using 
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Caco-2 and MDCK cells. Rejman et al. (2004) suggest that 
internalization of microspheres with a diameter <200  nm 
involves clathrin-coated pits. Orr et al. (2011) showed that 
only small SiO2 ENP agglomerates (PPS: 100  nm; SPS: 
<200 nm) were taken up by clathrin-dependent endocyto-
sis of macrophages. In the latter uptake, the macrophage 
scavenger receptor A seems to play an important role. With 
increasing size, a shift to a mechanism that relies on cav-
eolae-mediated internalization became apparent (Rejman 
et al. 2004) and was the predominant pathway of entry for 
500-nm particles. Particles as large as 500 nm were inter-
nalized by melanoma cells, with uptake largely blocked 
by endocytosis inhibitors, and additionally, no uptake was 
seen at 4 °C. Thus, it may be generally stated that there is 
a particle size dependency regarding the uptake mecha-
nism (independent of whether it is composed of a single 
unit or many). However, it must be generally assumed that 
particles and their agglomerates are taken up by multiple 
mechanisms, with only some preferences for one or other 
pathway depending on particle (-agglomerate) surface and 
size characteristics (Bhattacharjee et  al. 2012; Zhu et  al. 
2013). The cellular uptake of entities >1 µm is reported to 
be reduced. Andersson et al. (2011) showed that by treating 
A549 lung cells with anatase and rutile TiO2 ENP agglom-
erates (PPS: 20–60  nm; SPS: in the sub- and micrometer 
range), the submicrometer-sized agglomerates tended to 
be more attached to cell surfaces than the micrometer-
sized agglomerates. Mainly, small agglomerates <1 µm are 
found inside cells. Agglomeration (excepting except “soft” 

agglomeration) to micrometer sizes hinders some parti-
cles from penetrating the outer cell membrane because of 
their intrinsic physical properties. Phagocytic cells, such as 
macrophages and intestinal epithelial cells, are reportedly 
able to take up larger entities (≤1.9 µm: (Yue et al. 2010); 
Caco-2 cells: ≤10 µm (Desai et al. 1997)).

Note that besides size, particle transfer from the extra- 
to the intracellular space is on the one hand dependent on 
the cell type and on the other hand dependent on the sur-
face charge (Lynch et  al. 2009). For instance, of 150-nm 
polymeric particles with a charge ranging from −40 to 
+35 mV, those with the highest charge, and, especially the 
positively charged ones, were found in macrophages after 
intravenous injection in mice (He et al. 2010).

Location of ENPs after cellular uptake

Although, as far as we know, only qualitative measure-
ments have been reported, some tendencies regarding intra-
cellular distribution can be described. Except for small 
particles, which may “diffuse” through the cell membrane, 
ENPs will be engulfed by the cell membrane at the moment 
they enter the intracellular compartment. This is supported 
by many reports showing ENPs and their agglomerates 
being (mainly) within vesicle-like structures (AshaRani 
et  al. 2009; Drescher et  al. 2011; Horie et  al. 2010; Sad-
auskas et al. 2007). In addition, Brandenberger et al. (2010 
reported that with prolonged exposure, ENPs were prefer-
entially seen in larger sized vesicles such as lysosomes).

Within the cell, the location of ENPs is largely depend-
ent on particle size. For instance, AshaRani et  al. (2009) 
treated human glioblastoma U251 cells with well-dispersed 
silver ENPs (PPS: 6–22 nm) and reported that besides the 
presence of single and agglomerated ENPs in the cyto-
plasm, single ENPs were also present in organelles, such 
as mitochondria, and in the cell nucleus. Ahlinder et  al. 
(2013) showed that after treating lung epithelium A549 
cells with dispersed and agglomerated titanium or Goethite 
iron oxide ENPs, these entities were seen inside the cells 
(PPS TiO2: 20–80 nm; PPS α-FeO(OH): 11 × 11 × 62 nm 
rods; agglomerated ENP SPS: size range 30 nm–3.2 µm). 
However, inside the nucleus (in some cells), only single 
ENP “dots” were observed. The same observation was 
made by Jugan et al. (2012), evaluating the effects of tita-
nium ENPs (PPS: 12 nm) on A549 cells 4 h after treatment; 
no particles were seen in the nucleus in the case of larger 
ENPs (PPS: 21–142  nm). Shukla et  al. (2011), evaluat-
ing the uptake and distribution of TiO2 particles in a size 
range (single or agglomerate) between 70 and 330  nm in 
human epidermal cells, also observed some single, small 
particles (<100  nm) inside the nucleus. However, Küh-
nel et  al. (2009), evaluating the uptake of slightly larger 
particles (i.e., non-agglomerated (PPS: 145  nm) and 

Fig. 3   Important pathways of cellular uptake of ENPs and their 
agglomerates. Depending on the uptake mechanism, ENPs are 
located in membrane-bound vesicles or are free ‘floating’ in the cell 
(Kettiger et  al. 2013). a(Rothen-Rutishauser et  al. 2006); b(Rejman 
et  al. 2004); c(Champion et  al. 2008); d–eSize of the endocytic vesi-
cle taken as index; d(Conner and Schmid 2003), e(Kumari and Mayor 
2010)
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agglomerated tungsten carbide-based particles (SPS: up 
to 400 nm) by rainbow trout gill cell line RTgillW1 cells, 
found that ENPs were localized within the cells but not in 
the nucleus. Analogously, Andersson et al. (2011) reported 
that after uptake by A549 epithelial cells, submicrometer 
TiO2 ENP agglomerates (PSP: 20–80 nm; SPS 0.2–0.8 µm) 
were preferentially located in the cytoplasm near organelles 
such as mitochondria but not within them. Thus, it seems 
that there is a certain threshold for distribution inside orga-
nelles, including the nucleus, being probably in the range 
of 100 nm, which is near the aforementioned size thresh-
old at which ENP may pass through the cell membrane in a 
diffusion-like way.

Clearance of ENPs from the body

An important aspect, especially in the case of chronic 
exposure, is the extent and efficiency of ENP removal 
from the body. Fabian et  al. (2008) reported that 24  h 
after injecting rats intravenously with agglomerated TiO2 
ENPs (PPS: 20–30  nm; SPS: ≈1  µm), the highest lev-
els were seen in all investigated organs. TiO2 levels in 
the liver were maintained for at least 28  days, being the 
last day of measurement. In the spleen, lung and kidney 
the TiO2 levels slightly decreased from days 1 to 14 and 
seemed unstable until day 28. This suggests that large 
ENP entities were only marginally cleared and trapped 
within these organs. In line with this, aspiration studies by 
Shvedova et  al. (2014) showed that after treatment with 
carbon nanotubes (PPS: 65  nm ×  1–3  µm), carbon fibers 
(PPS: 80–160  nm  ×  5–30  µm) or asbestos (PPS: 160–
800 nm × 2–30 µm) by bolus dosing through pharyngeal 
aspiration and inhalation 5 h/day for 4 days, particles could 
still be visualized in the lung at 1-year post-exposure. By 
evaluating the fate of gold ENPs with different SPS (PPS: 
1.4, 5, 18, 89 and 200 nm with agglomerates removed by 
filtration), Hirn et al. (2011) reported that 24 h after intrave-
nous dosing of rats, the smallest sized ENPs (PPS: 1.4 nm, 
to lower degree 2.8  nm) were maximally excreted by the 
urinary and hepatobiliary systems, as concluded from 
concentrations found in the urine and small intestine. It is 
known that the upper threshold particle size for the kid-
ney glomerular filter is approximately 6–8 nm (Longmire 
et al. 2008). So entities larger than this will not be renally 
excreted and are primary excreted through the hepatobil-
iary system (Longmire et al. 2008). As mentioned before, 
the liver is a key organ in which larger sized ENP entities 
accumulate. Intravenously injected ENPs are primarily 
taken up by Kupffer cells in the liver and by macrophages 
in other tissues. In the lung alveoli also, as mentioned ear-
lier, macrophages are mainly responsible for clearance. The 
uptake by phagocytic cells is limited to particles <2  µm 
(Yue et  al. 2010). However, non-degradable entities taken 

up by Kupffer cells are thought to be retained in the body 
(Longmire et  al. 2008). Particles taken up by hepatocytes 
are potentially excreted (Longmire et al. 2008). The thresh-
old particle size for excretion by the hepatobiliary system 
seems to be approximately 200 nm (Hirn et al. 2011). Thus, 
clearance of ENPs is largely defined by particle size and 
may be (nearly) absent for particles >200 nm.

Effect of ENP agglomeration on toxicity

As described in section “Location of ENPs after cellular 
uptake”, after ENP exposure in vitro, small entities less 
than 100  nm in size can be found in organelles such as 
mitochondria and the nucleus, in addition to the cytoplasm, 
and thus potentially may directly affect energy produc-
tion and the DNA, resulting in disturbed cell functionality/
viability. Although in most cases, decreased cytotoxicity 
with increasing size of particles or agglomerates has been 
reported, several reports have contrary findings (Table  1). 
In the case that those few cells with ENPs inmitochondria 
and nucleus (Ahlinder et  al. 2013; AshaRani et  al. 2009; 
Shukla et al. 2011) are affected maximally, this small num-
ber of cells may be negligible in the context of functionality 
measurements of the whole cell culture. As a result, in tox-
icity evaluations using cell cultures, other factors may pre-
dominate and be responsible for the observed contradictory 
effects of ENP agglomeration. For instance, the mean ENP 
agglomerate size and its distribution may change or differ 
according to the culture medium, ENP concentration and 
incubation/exposure period (e.g., (Allouni et al. 2009; Mur-
dock et al. 2008; Prasad et al. 2013). As a result, cells are 
exposed to different size distributions, with consequences 
for the experimental outcome. Furthermore, in the case of 
comparison of ENP samples with different mean agglomer-
ation sizes but with size distributions that are (significantly) 
overlapping, no clear statements can be made regarding 
their effects. Only an in-depth appropriate characterization 
of the dispersion in cell culture will give meaningful results 
and enable correct statements regarding cytotoxicity (War-
heit 2008). Besides this, for both outcomes (i.e., increase 
and decrease in toxicity because of agglomeration), the 
observed effects in cell cultures may be influenced by fac-
tors that are only indirectly related to ENP agglomeration. 
For instance, dissolution rates of dispersed and agglomer-
ated ENPs differ, as reported for silver (Kittler et al. 2010) 
(Elzey and Grassian 2010). Furthermore, sedimentation of 
agglomerated ENPs may (time dependent) increase expo-
sure and thus the apparent toxicity (Limbach et  al. 2005; 
Obarzanek-Fojt et  al. 2014; Teeguarden et  al. 2007). In 
addition, ENPs and their agglomerates may interfere with 
assays assessing the functional state of the cells (Belyans-
kaya et al. 2007; Hirsch et al. 2011; Monteiro-Riviere et al. 
2009).
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Thus, the issue regarding the effects of agglomeration 
on cytotoxicity remains controversial. Improved cell cul-
ture models, improved characterization of (time dependent) 
ENP agglomeration, concentration at the cell membrane 
surface and knowledge regarding the limitations of the tests 
used may help to overcome the current impasse.

The relevance of in vitro studies in nanotoxicology to 
the in vivo situation is still disputable (Han et  al. 2012). 
The aforementioned aspects may explain this but also 
effects may be evoked indirectly by changing cell–cell 
interactions (e.g., by changing the state of polarization of 
macrophages (Lucarelli et al. 2004). Macrophages are the 
cell predominantly in contact with ENPs and are known 
to affect the functionality of other cells (Holt et  al. 2010; 
Tuan et al. 2008). Such effects might only be seen in vitro 
in more complex co-culture systems (see (Soma et  al. 
2000; Tao and Kobzik 2002)). Currently, much effort is 
being made to develop such systems (Alfaro-Moreno et al. 
2008). Besides improving the prognostic value of in vitro 
tests, one way of solving this issue may be to evaluate the 
toxic effect of ENPs and their agglomerates directly in ani-
mal studies. However, the extent to which ENP agglomera-
tion is able to modify the effects of ENPs on the health of 
mammals, including humans, has been scarcely investi-
gated. The very few published reports all point in slightly 
different directions; for instance, agglomeration has no 
effects (Gosens et al. 2010) or the toxic effect is enhanced 
by agglomeration (Ispas et  al. 2009) (Mutlu et  al. 2010). 
The reason may be that animals are a “black box” without 
knowledge regarding the fate of ENP material after expo-
sure. The agglomeration status may be altered at each step 
of the pathway from exposure, uptake, distribution in the 
body and interaction/uptake by cells. However, for a correct 
estimation of hazard, an estimate of particle concentration 
(and degree of agglomeration) at the site of action is cru-
cially important (Fissan et al. 2013). One method of obtain-
ing a more precise picture may be using simulation mod-
els, including assumptions on each of the values of transfer 
coefficients and particle association/agglomeration and 
dissociation constants, being connected to the arrows, indi-
cated in Fig. 1. First steps in this direction have been made, 
for example, by correlating workplace release and lung 
uptake (Zhang et al. 2012), modelling particle deposition in 
relation to particle size (Hussain et al. 2011), modelling the 
distribution of particles in the extracellular matrix (Stylian-
opoulos et  al. 2010) and modelling the cellular effects of 
drugs based on their translocation into the target cell com-
partment and activation/inactivation dependent concentra-
tion–effect relationships (Bruinink 2008). In these models, 
it should be taken into account that: (1) in vivo effects may 
only be seen in the long-term and after accumulation (Chen 
et al. 2011; Shvedova et al. 2014); and (2) the site of action 
in relation to the location of exposure may be an important Ta
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issue for the outcome because not only cellular uptake of 
the particles may give rise to adverse effects. For instance, 
Donaldson et al. (2010) suggest that fibers taken up by the 
lung may clog the pores of the pleural membrane as either 
single fibers or as agglomerates and cause adverse effects 
as seen after asbestos exposure. These effects may only be 
seen in vivo after lung exposure.

Thus, reports so far on the effects of agglomeration on 
toxicity remain contradictory. Improved cell culture mod-
els and computer models simulating the whole pathway 
between human exposure and effect induction may help to 
understand the key processes and to overcome the current 
situation.

Concluding remarks and recommendations

From the various reports (as discussed here), it may be stated 
that in general, animals, including humans, can deal with and 
are well protected against microparticles and micrometer-
sized agglomerates. Uptake through the lung is limited to 
particles and agglomerates that are able to reach the alveo-
lar region (being in the nanometer to submicrometer range). 
In the gastrointestinal tract, only particles and agglomerates 
less than 300 nm in size are able to enter the body. Within the 
body, particles and agglomerates again show a size limitation 
for transfer from the circulation into the tissue. This thresh-
old seems to approximately 250  nm. In all cases, surface 
chemistry plays an important role in passage through barriers 
(e.g., limited transfer of positively charged particles through 
the intestine–body barrier; limited transfer of negatively 
charged particles through the blood vessel wall). After being 
transferred into tissue, increased size of ENP agglomerates 
not only strongly reduces translocation within the tissue but 
also diminishes uptake by cells. Large (>10 µm) microparti-
cles will in general not be taken up. Furthermore, the chance 
of ENPs freely entering the cell and its organelles by energy-
independent diffusion is strongly reduced by agglomeration 
because for this the threshold size seems to be approximately 
100 nm.

When comparing the threshold particle size for tissue 
uptake and clearance, a very critical particle and agglom-
erate size become apparent: approximately 200–250  nm, 
which represents the upper threshold for being transferred 
into tissue and for being eliminated from the body. This 
means that ENPs entering tissue and thereafter forming 
agglomerates with diameters greater than this threshold 
size may accumulate. In the case of chronic ENP exposure, 
toxic threshold concentrations may in the long-term be 
reached locally, even if after a single exposure only a neg-
ligible amount is retained in the tissue, because of agglom-
eration. Unfortunately, current investigations on the effect 
of ENPs on health have only been of the effect of a single 

exposure, although chronic exposure (with the change in 
accumulation) is the more relevant situation. So far, knowl-
edge regarding agglomeration-based ENP accumulation 
and its relevance is still missing, so we strongly recom-
mend including this aspect in future investigations.

Regarding toxicity, no conclusive statement regarding 
the effect of agglomeration can be made, either for in vitro 
or in vivo. The currently available in vitro literature is con-
troversial, and literature regarding the effect of agglomera-
tion in vivo is nearly nonexistent. To improve the validity 
of in vitro investigation-based statements, besides in-depth 
characterization of the ENPs used (including size distri-
bution), narrowing the agglomerate size distribution and 
using the appropriate tests for evaluating cellular effects, it 
is recommended to make precise assumptions on the par-
ticle sizes and concentrations (including degradation prod-
ucts) that cells truly encounter during the treatment period. 
Finally, it is recommended to select and use in vitro sys-
tems that mimic more precisely the in vivo situation, thus 
enabling a more correct prognosis to be made. Regarding 
in vivo effects, a possible step in improving predictions of 
hazard is to use computer modelling to simulate the whole 
pathway from human exposure to exposure of single cells 
within the body, which should help identify critical knowl-
edge gaps in making a comprehensive assessment of the 
effects of ENPs on human health.

Conflict of interest  No conflicts of interest are present.

References

Ahamed M, Karns M, Goodson M et al (2008) DNA damage response 
to different surface chemistry of silver nanoparticles in mam-
malian cells. Toxicol Appl Pharmacol 233:404–410

Ahlinder L, Ekstrand-Hammarström B, Geladi P, Osterlund L (2013) 
Large uptake of titania and iron oxide nanoparticles in the 
nucleus of lung epithelial cells as measured by Raman imaging 
and multivariate classification. Biophys J 105:310–319

Akella A, Deshpand SB (2013) Pulmonary surfactants and their role 
in pathophysiology of lung disorders. Indian J Exp Biol 51:5–22

Alfaro-Moreno E, Nawrot TS, Vanaudenaerde BM et  al (2008) Co-
cultures of multiple cell types mimic pulmonary cell communi-
cation in response to urban PM10. Eur Respir J 32:1184–1194

Allouni ZE, Cimpan MR, Høl PJ, Skodvin T, Gjerdet NR (2009) 
Agglomeration and sedimentation of TiO2 nanoparticles in cell 
culture medium. Colloids Surf B Biointerfaces 68:83–87

Andersson PO, Lejon C, Ekstrand-Hammarström B et al (2011) Poly-
morph- and size-dependent uptake and toxicity of TiO2 nano-
particles in living lung epithelial cells. Small 7:514–523

Asgharian B, Price OT (2007) Deposition of ultrafine (NANO) parti-
cles in the lung. Inhal Toxicol 19:1045–1054

AshaRani PV, Low Kah Mun G, Hande MP, Valiyaveettil S (2009) 
Cytotoxicity and genotoxicity of silver nanoparticles in human 
cells. ACS Nano 3:279–290

ASTM E2456 (2006) E 2456-06 terminology for nanotechnology. 
ASTM international, West Conshohocken, PA 19428-2959, 
USA



672	 Arch Toxicol (2015) 89:659–675

1 3

Baalousha M (2009) Aggregation and disaggregation of iron oxide 
nanoparticles: influence of particle concentration, pH and natu-
ral organic matter. Sci Total Environ 407:2093–2101

Bae E, Park HJ, Lee J et al (2010) Bacterial cytotoxicity of the silver 
nanoparticle related to physicochemical metrices and agglom-
eration properties. Environ Toxicol Chem 29:2154–2160

Barlow S, Chesson A, Collins JD et al (2009) The potential risks aris-
ing from nanoscience and nanotechnologies on food and feed 
safety. Scientific opinion of the scientific committee. EFSA J 
958:1–39

Baun A, Hartmann B, Grieger K, Kusk KO (2008) Ecotoxicity of 
engineered nanoparticles to aquatic invertebrates: a brief review 
and recommendations for future toxicity testing. Ecotoxicol 
17:387–395

Belyanskaya L, Manser P, Spohn P, Bruinink A, Wick P (2007) The 
reliability and limits of the MTT reduction assay for carbon 
nanotubes–cell interaction. Carbon 45:2643–2648

Bento FM, de Oliveira Camargo FA, Okeke BC, Frankenberger WT 
Jr (2005) Diversity of biosurfactant producing microorganisms 
isolated from soils contaminated with diesel oil. Microbiol Res 
160:249–255

Bhattacharjee S, Ershov D, Fytianos K et al (2012) Cytotoxicity and 
cellular uptake of tri-block copolymer nanoparticles with differ-
ent size and surface characteristics. Part Fibre Toxicol 9:11

Brandenberger C, Mühlfeld C, Ali Z et al (2010) Quantitative evalua-
tion of cellular uptake and trafficking of plain and polyethylene 
glycol-coated gold nanoparticles. Small 6:1669–1678

Bruinink A (2008) In vitro toxicokinetics and dynamics: modelling 
and interpretation of toxicity data. In: Gad SC (ed) Preclinical 
Development Handbook. John Wiley & Sons Inc, New York, pp 
509–550

Brunelli A, Pojana G, Callegaro S, Marcomini A (2013) Agglom-
eration and sedimentation of titanium dioxide nanoparticles 
(n-TiO2) in synthetic and real waters. J Nanopart Res 15:1684

Champion JA, Walker A, Mitragotri S (2008) Role of particle 
size in phagocytosis of polymeric microspheres. Pharm Res 
25:1815–1821

Charron A, Harrison RM (2003) Primary particle formation from 
vehicle emissions during exhaust dilution in the roadside atmos-
phere. Atmos Environ 37:4109–4119

Chen KL, Elimelech M (2008) Interaction of fullerene (C60) nano-
particles with humic acid and alginate coated silica surfaces: 
measurements, mechanisms, and environmental implications. 
Environ Sci Technol 42:7607–7614

Chen J, Dong X, Xin Y, Zhao M (2011) Effects of titanium dioxide 
nano-particles on growth and some histological parameters of 
zebrafish (Danio rerio) after a long-term exposure. Aquat Toxi-
col 101:493–499

Chowdhury I, Cwiertny DM, Walker SL (2012) Combined factors 
influencing the aggregation and deposition of nano-TiO2 in 
the presence of humic acid and bacteria. Environ Sci Technol 
46:6968–6976

Conner SD, Schmid SL (2003) Regulated portals of entry into the 
cell. Nature 422:37–44

Creutzenberg O (2012) Biological interactions and toxicity of nano-
materials in the respiratory tract and various approaches of aer-
osol generation for toxicity testing. Arch Toxicol 86:1117–1122

Creutzenberg O, Bellmann B, Korolewitz R et  al (2012) Change in 
agglomeration status and toxicokinetic fate of various nano-
particles in vivo following lung exposure in rats. Inhal Toxicol 
24:821–830

De Jong WH, Hagens WI, Krystek P, Burger MC, Sips AJ, Geertsma 
RE (2008) Particle size-dependent organ distribution of gold 
nanoparticles after intravenous administration. Biomaterials 
29:1912–1919

Desai MP, Labhasetwar V, Walter E, Levy RJ, Amidon GL (1997) The 
mechanism of uptake of biodegradable microparticles in Caco-2 
cells is size dependent. Pharm Res 14:1568–1573

Donaldson K, Murphy FA, Duffin R, Poland CA (2010) Asbestos, 
carbon nanotubes and the pleural mesothelium: a review of the 
hypothesis regarding the role of long fibre retention in the pari-
etal pleura, inflammation and mesothelioma. Part Fibre Toxicol 
7:5

Drescher D, Orts-Gil G, Laube G et al (2011) Toxicity of amorphous 
silica nanoparticles on eukaryotic cell model is determined by 
particle agglomeration and serum protein adsorption effects. 
Anal Biochem 400:1367–1373

Elimelech M, Omelia CR (1990) Effect of particle-size on collision 
efficiency in the deposition of brownian particles with electro-
static energy barriers. Langmuir 6:1153–1163

Elzey S, Grassian VH (2010) Agglomeration, isolation and dissolu-
tion of commercially manufactured silver nanoparticles in aque-
ous environments. J Nanopart Res 12:1945–1958

Fabian E, Landsiedel R, Ma-Hock L, Wiench K, Wohlleben W, van 
Ravenzwaay B (2008) Tissue distribution and toxicity of intra-
venously administered titanium dioxide nanoparticles in rats. 
Arch Toxicol 82:151–157

Fadeel B, Garcia-Bennett AE (2010) Better safe than sorry: under-
standing the toxicological properties of inorganic nanoparticles 
manufactured for biomedical applications. Adv Drug Deliv Rev 
62:362–374

Fallingborg J (1999) Intraluminal pH of the human gastrointestinal 
tract. Dan Med Bull 46:183–196

Fissan H, Horn H-G, Stahlmecke B, Wang J (2013) From nanoobject 
release of (bio)nanomaterials to exposure. BioNanoMaterials 
14:37–47

Fleming JS, Halson P, Conway J et  al (1996) Three-dimensional 
description of pulmonary deposition of inhaled aerosol using 
data from multimodality imaging. J Nucl Med 37:873–877

Fraczek A, Menaszek E, Paluszkiewicz C, Blazewicz M (2008) Com-
parative in vivo biocompatibility study of singleand multi-wall 
carbon nanotubes. Acta Biomater 4:1593–1602

Garcia-Nieto PJ, Garcia BA, Diaz JMF, Brana MAR (1994) Paramet-
ric study of selective removal of atmospheric aerosol by below-
cloud scavenging. Atmos Environ 28:2335–2342

Gasser M, Rothen-Rutishauser B, Krug HF et al (2010) The adsorp-
tion of biomolecules to multi-walled carbon nanotubes is influ-
enced by both pulmonary surfactant lipids and surface chemis-
try. J Nanobiotechnology 8:31

Geiser M, Kreyling WG (2010) Deposition and biokinetics of inhaled 
nanoparticles. Part Fibre Toxicol 7:2

Geiser M, Quaile O, Wenk A et al (2013) Cellular uptake and locali-
zation of inhaled gold nanoparticles in lungs of mice with 
chronic obstructive pulmonary disease. Part Fibre Toxicol 10:19

Gerloff K, Fenoglio I, Carella E et  al (2012) Distinctive toxicity of 
TiO2 rutile/anatase mixed phase nanoparticles on Caco-2 cells. 
Chem Res Toxicol 25:646–655

Glover W, Chan HK, Eberl S, Daviskas E, Verschuer J (2008) Effect 
of particle size of dry powder mannitol on the lung deposition 
in healthy volunteers. Int J Pharm 349:314–322

Goodman TT, Ng CP, Pun SH (2008) 3-D tissue culture systems for 
the evaluation and optimization of nanoparticle-based drug car-
riers. Bioconjug Chem 19:1951–1959

Gophen M, Geller W (1984) Filter mesh size and food uptake by 
Daphnia. Oecologia 64:408–412

Gosens I, Post JA, de la Fonteyne LJ et al (2010) Impact of agglom-
eration state of nano- and submicron sized gold particles on pul-
monary inflammation. Part Fibre Toxicol 7:37

Griese M (1999) Pulmonary surfactant in health and human lung dis-
eases: state of the art. Eur Respir J 13:1455–1476



673Arch Toxicol (2015) 89:659–675	

1 3

Gualtieri M, Skuland T, Iversen T-G et  al (2012) Importance of 
agglomeration state and exposure conditions for uptake and 
pro-inflammatory responses to amorphous silica nanoparticles 
in bronchial epithelial cells. Nanotoxicology 6:700–712

Guzman KA, Finnegan MP, Banfield JF (2006) Influence of surface 
potential on aggregation and transport of titania nanoparticles. 
Environ Sci Technol 40:7688–7693

Hackenberg S, Friehs G, Froelich K et al (2010) Intracellular distribu-
tion, geno- and cytotoxic effects of nanosized titanium dioxide 
particles in the anatase crystal phase on human nasal mucosa 
cells. Toxicol Lett 195:9–14

Han X, Corson N, Wade-Mercer P et  al (2012) Assessing the rel-
evance of in vitro studies in nanotoxicology by examining cor-
relations between in vitro and in vivo data. Toxicology 297:1–9

Hartmann NB, Legros S, Von der Kammer F, Hofmann T, Baun A 
(2012) The potential of TiO2 nanoparticles as carriers for cad-
mium uptake in Lumbriculus variegatus and Daphnia magna. 
Aquat Toxicol 118(119):1–8

Haynes CL (2010) The emerging field of nanotoxicology. Anal Bio-
anal Chem 398:587–588

He C, Hu Y, Yin L, Tang C, Yin C (2010) Effects of particle size and 
surface charge on cellular uptake and biodistribution of poly-
meric nanoparticles. Biomaterials 31:3657–3666

Hillyer JF, Albrecht RM (2001) Gastrointestinal persorption and tis-
sue distribution of differently sized colloidal gold nanoparticles. 
J Pharm Sci 90:1927–1936

Hinderliter PM, Minard KR, Orr G et  al (2010) ISDD: a computa-
tional model of particle sedimentation, diffusion and target cell 
dosimetry for in vitro toxicity studies. Part Fibre Toxicol 7:36

Hirn S, Semmler-Behnke M, Schleh C et  al (2011) Particle size-
dependent and surface charge-dependent biodistribution of gold 
nanoparticles after intravenous administration. Eur J Pharm 
Biopharm 77:407–416

Hirsch C, Roesslein M, Krug HF, Wick P (2011) Nanomaterial cell 
interactions: are current in vitro tests reliable? Nanomedicine 
6:837–847

Holt DJ, Chamberlain LM, Grainger DW (2010) Cell–cell signaling 
in co-cultures of macrophages and fibroblasts. Biomaterials 
31:9382–9394

Horie M, Nishio K, Fujita K et  al (2010) ISDD: a computational 
model of particle sedimentation, diffusion and target cell dosim-
etry for in vitro toxicity studies. Toxicol In Vitro 24:1629–1638

Horst AM, Neal AC, Mielke RE et  al (2010) Dispersion of TiO2 
Nanoparticle Agglomerates by Pseudomonas aeruginosa. Appl 
Environ Microbiol 76:7292–7298

Hussain M, Madl P, Khan A (2011) Lung deposition predictions of 
airborne particles and the emergence of contemporary diseases. 
Part-I. Health 2:51–59

ISO/TC229 (2013) Proposal of modification of the EC recommenda-
tion 2011/696/EU on definition of nanomaterial. In: Normalisa-
tion AFd (ed). vol Doc. Nr. N 291. CEN/TC 352 Secretariat, La 
Plaine Saint-Denis Cedex (F)

Ispas C, Andreescu D, Patel A, Goia DV, Andreescu S, Wallace KN 
(2009) Toxicity and developmental defects of different sizes 
and shape nickel nanoparticles in zebrafish. Environ Sci Tech-
nol 43:6349–6356

Jani P, Halbert GW, Langridge J, Florence AT (1990) Nanoparticle 
uptake by the rat gastrointestinal mucosa: quantitation and par-
ticle size dependency. J Pharm Pharmacol 42:821–826

Jiang J, Oberdörster G, Biswas P (2009) Characterization of size, sur-
face charge, and agglomeration state of nanoparticle dispersions 
for toxicological studies. J Nanopart Res 11:77–89

Jugan ML, Barillet S, Simon-Deckers A et al (2012) Titanium dioxide 
nanoparticles exhibit genotoxicity and impair DNA repair activ-
ity in A549 cells. Nanotoxicology 6:501–513

Karakoti AS, Kuchibhatla SV, Baer DR, Thevuthasan S, Sayle DC, 
Seal S (2008) Self-assembly of cerium oxide nanostructures in 
ice molds. Small 4:1210–1216

Keene AM, Peters D, Rouse R, Stewart S, Rosen ET, Tyner KM 
(2012) Tissue and cellular distribution of gold nanoparticles 
varies based on aggregation/agglomeration status. Nanomedi-
cine 7:199–209

Keller AA, Wang H, Zhou D et al (2010) Stability and aggregation of 
metal oxide nanoparticles in natural aqueous matrices. Environ 
Sci Technol 44:1962–1967

Kendall M, Holgate S (2012) Health impact and toxicological effects 
of nanomaterials in the lung. Respirology 17:743–758

Kendall M, Ding P, Kendall K (2011) Particle and nanoparticle inter-
actions with fibrinogen: the importance of aggregation in nano-
toxicology. Nanotoxicology 5:55–65

Kendall M, Ding P, Mackay RM et  al (2013) Surfactant protein D 
(SP-D) alters cellular uptake of particles and nanoparticles. 
Nanotoxicology 7:963–973

Kettiger H, Schipanski A, Wick P, Huwyler J (2013) Engineered 
nanomaterial uptake and tissue distribution: from cell to organ-
ism. Int J Nanomed 8:3255–3269

Kishore U, Greenhough TJ, Waters P et al (2006) Surfactant proteins 
SP-A and SP-D: structure, function and receptors. Mol Immu-
nol 43:1293–1315

Kittler S, Greulich C, Diendorf J, Köller M, Epple M (2010) Toxic-
ity of silver nanoparticles increases during storage because 
of slow dissolution under release of silver ions. Chem Mater 
22:4548–4554

Kreyling WG, Semmler-Behnke M, Seitz J et al (2009) Size depend-
ence of the translocation of inhaled iridium and carbon nano-
particle aggregates from the lung of rats to the blood and sec-
ondary target organs. Inhal Toxicol 21(Suppl. 1):55–60

Kreyling WG, Semmler-Behnke M, Chaudhry Q (2010) A comple-
mentary definition of nanomaterial. Nano Today 5:165–168

Kuhlbusch TAJ, Asbach C, Fissan H, Göhler D, Stintz M (2011) Nan-
oparticle exposure at nanotechnology workplaces: a review. Part 
Fibre Toxicol 8:22

Kühnel D, Busch W, Meissner T et al (2009) Agglomeration of tung-
sten carbide nanoparticles in exposure medium does not prevent 
uptake and toxicity toward a rainbow trout gill cell line. Aquat 
Toxicol 93:91–99

Kulkarni SA, Feng SS (2013) Effects of particle size and surface 
modification on cellular uptake and biodistribution of polymeric 
nanoparticles for drug delivery. Pharm Res 30:2512–2522

Kumari SMG, Mayor S (2010) Endocytosis unplugged: multiple ways 
to enter the cell. Cell Res 20:256–275

Lademann J, Richter H, Meinke MC et al (2013) Drug delivery with 
topically applied nanoparticles: science fiction or reality. Skin 
Pharmacol Physiol 26:227–233

Lankoff A, Sandberg WJ, Wegierek-Ciuk A et al (2012) The effect of 
agglomeration state of silver and titanium dioxide nanoparticles 
on cellular response of HepG2, A549 and THP-1 cells. Toxicol 
Lett 208:197–213

Lecoanet HF, Bottero JY, Wiesner MR (2004) Laboratory assessment 
of the mobility of nanomaterials in porous media. Environ Sci 
Technol 38:5164–5169

Lee JH, Kwon M, Ji JH et al (2011) Exposure assessment of work-
places manufacturing nanosized TiO2 and silver. Inhal Toxicol 
23:226–236

Lehnert BE, Morrow PE (1985) Association of 59 iron oxide with alveo-
lar macrophages during alveolar clearance. Exp Lung Res 9:1–16

Limbach LK, Li Y, Grass RN et al (2005) Oxide nanoparticle uptake 
in human lung fibroblasts: effects of particle size, agglomera-
tion, and diffusion at low concentrations. Environ Sci Technol 
39:9370–9376



674	 Arch Toxicol (2015) 89:659–675

1 3

Limbach LK, Bereiter R, Müller E, Krebs R, Galli R, Stark WJ (2008) 
Removal of oxide nanoparticles in a model wastewater treat-
ment plant: influence of agglomeration and surfactants on clear-
ing efficiency. Environ Sci Technol 42:5828–5833

Lin D, Tian X, Xing B (2010) Fate and transport of engineered nano-
materials in the environment. J Environ Qual 39:1896–1908

Longmire M, Choyke PL, Kobayashi H (2008) Clearance properties 
of nano-sized particles and molecules as imaging agents: con-
siderations and caveats. Nanomedicine 3:703–717

Loosli F, Stoll S (2012) Adsorption of TiO2 nanoparticles at the surface 
of micron-sized latex particles. pH and concentration effects on 
suspension stability. J Colloid Sci Biotechnol 1:113–121

Lucarelli M, Gatti AM, Savarino G et al (2004) Innate defence func-
tions of macrophages can be biased by nano-sized ceramic and 
metallic particles. Eur Cytokine Netw 15:339–346

Lynch I, Salvati A, Dawson KA (2009) Protein-nanoparticle interac-
tions: What does the cell see? Nat Nanotech 4:546–547

Mädler L, Friedlander SK (2007) Transport of nanoparticles in 
gases: overview and recent advances. Aerosol Air Quality Res 
7:304–342
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