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N
anotoxicology, that is, research
aimed at exploring health risks
due to exposure to nanoparticles

(NPs) or nanostructured matter, is a rather
young scientific discipline that became fully
established only about 5 to 6 years ago.
Nevertheless, the state of the art has already
been reviewed from a large variety of per-
spectives. The conclusions of the reviews, of
which only a small fraction can be cited
here,1�16 were typically of the form:8 “At
the current stage in nanoparticle safety
research, it would be premature to con-
clude, ..., that nanoparticles are inherently
dangerous.” This cautious wording implies
that research performed so far has not led to
a reasonable understanding of NP-related
risks. The unsatisfactory state of the art
raises the question whether or not the pre-
vious work always involved meaningful
concepts and adequate methodology. Par-
ticular attention must be devoted to in vitro

studies because they constitute the vast
majority of investigations in the field. The
most unsatisfactory aspect of the previous
in vitro studies is the implicit assumption
that the issue of NP toxicity can be resolved
by applying techniques developed for risk
assessment of hazardous chemical sub-
stances, dissolved or dispersed in molecular
form.16�18 Insoluble NPs suspended in li-
quid media, however, behave quite differ-
ently: they are subject to gravitational
forces; they interact with each other as well
as with additives contained in the medium;
they can form agglomerates; and they may
exhibit unidirectional diffusion if concentra-
tion gradients are established by the action
of the cells.18,19

In the vast majority of previous in vitro

nanotoxicity studies, the NPs were assumed
to be uniformly distributed in the suspen-
sion,20,21 as sketched in Figure 1A. The
situation changes completely if NPs travel
fairly rapidly to the bottom of the well

(see Figure 1B). As a result, their concentra-
tion in the vicinity of the cells will be much
larger than in the situation of Figure 1A. Let cM
be themass concentrationof insolublematter
dispersed in a cell culturemediumof heighth.
If all matter would settle at the bottom of the
well in a uniform layer, the areal mass density
(mass per unit area) ΘM

0 will be

Θ0
M ¼ cMh (1)

Note that ΘM
0 is directly proportional to the

height h. This important aspect of in vitro NP
dosimetry has long been ignored. Evidence in
support of this line of thinking has been
presented only very recently.18 Converted to
a compact layer of thickness w0, eq 1 reads

w0 ¼ Θ0
M

F
¼ cMh

F
(2)
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ABSTRACT With very few exceptions, previous nanotoxicity studies implicitly involved the

assumption that the techniques developed for risk assessment of hazardous chemical substances can

be applied in unchanged form to explore cell response in NP laden media. This misleading approach

has the consequence that the actual dose of exposure is ill defined or, more often, completely

unknown. Here the effect of gravitational settling on the dose of exposure was explored for

commercially available engineered nanostructured matter (nanopowder). Micrometer sized

aggregates abundantly present in all nanopowders were fractured as much as possible by probe-

type sonication in water or cell culture media. The morphology of cracked aggregates was studied by

scanning electron microscopy. Size distributions were determined by dynamic light scattering (DLS).

Possible pitfalls encountered in using DLS were documented. Absorbance measurements and optical

microscopy served to monitor the rate of gravitational settling on time sales ranging from minutes

up to several days. The sonicated particles settled rapidly in all liquid media. At the well bottom,

they exhibited intense lateral (two-dimensional) Brownian-like motion, which allowed them to

travel large distances. Taken together, the probability for particle�cell contact may be enhanced by

a factor of more than 1000 compared to the commonly advocated picture. The very high levels of

exposure can give rise to overload effects which are often misinterpreted as evidence of cytotoxicity.

To identify the true toxic potential of NPs, future studies must account for these phenomena. It is

also argued that stable dispersions of NPs are not required in nanotoxicity studies.

KEYWORDS: nanoparticles . nanotoxicity . gravitational settling . in vitro studies .
Brownian-like motion
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where F is the mass density of the NP material. For a
quantitative estimate ofΘM

0 andw0, consider an in vitro
experiment with a moderate mass concentration of
50 μg/mL (=50 μg/cm3) and h = 0.5 cm. Then ΘM

0 =
25 μg/cm2. For NPs composed of carbon or TiO2, that is,
with F = 2.2 and 3.9 g/cm3, respectively, we have w0 =
114 and 64 nm, respectively. If this unexpectedly large
amount of material were delivered to cells, one could
hardly be surprised if the normal vital functions would
be affected very strongly.
In reality, one has to assume that not the total mass

density ΘM
0 but only a smaller amount ΘM will have

arrived at the bottom of the well where the cells are
residing,

ΘM(h, v, t) ¼ η(h, v, t)Θ0
M (3)

The fraction η(h,ν,t) will depend on the height h, the
transport velocity v of the NPs (primary particles,
aggregates, or agglomerates), and the time t of ex-
posure. The key point is that, without knowing η(h,ν,t),
the response of cells to NP exposure cannot be inter-
preted in a quantitative manner because the actual dose
is not known. Only very few groups have reported
relevant data. Convincing evidence for efficient NP trans-
port to submersed human lung fibroblast cells was
reported for flame synthesized ceria particles in the size
range of 25 to 500 nm.19 NP uptake by the cells pro-
ceededat a roughly constant rate, for exposuresup to4h.
Themeasureddatawere interpreted in termsof transport
by diffusion of the (agglomerated) small NPs and by
gravitational settling of particles in the large size fraction.
Aspects of NP toxicity, however, were not explored.
The missing correlation was identified very recently

in a reanalysis18 of published data containing informa-
tion on the uptake of∼30 nm silica particles as well as
on the associated cytotoxicity induced in three differ-
ent cell lines.22 The most important results of the data
evaluation were as follows:18 (i) NP uptake depended
not only on the mass concentration but also on the
height of the medium. (ii) The results could only be
explained if, in addition to diffusion, gravitational
settling of agglomerated NPs contributed significantly
to the transport of matter to the cells. (iii) Loss of
viability became observable only if cells were exposed

to the equivalent of one to five layers of NPs; the dose
required for complete cell death ranged between 4
and about 20 layers of NPs.
In view of these findings, it appeared highly desir-

able to explore NP transport to cells for commercially
available engineered NPs,23 also referred to as nano-
powders. The toxic potential of this kind ofmaterial has
received considerable interest recently.20,24 One
should note, however, that most of the primary NPs
contained in nanopowders are tightly bound to each
other in much larger aggregates.25,26 Typically 99% of
the mass of typical nanopowders was found in the size
range above 1 μm.26 Whereas the size distributions of
sonicated matter dispersed in different media were
studied in great detail by dynamic light scattering
(DLS),20,24 transport to the bottom of cell culture vials
has not yet received much attention.
The purpose of this study was to determine the time

and height dependent fraction η(t,ν,h) of settled NP
matter. It turned out to be necessary to pay much
attention to a characterization of the sonicated matter
by scanning electron microscopy (SEM), DLS, and
absorbance measurements. Finally, the aim was to
enter into an exploratory investigation of the interac-
tion of settled NPs with cells under conditions fre-
quently used in nanotoxicity studies.

RESULTS

Aggregate Size, As Delivered and after Sonication. SEM
images of nanopowders in different stages of sample
preparation are presented in Figure 2. The nanopow-
ders were first dissolved in the specified liquids; 1 μL
aliquots were subsequently deposited on polished
silicon substrates and allowed to dry in ambient air.
Two examples of aggregates are shown in Figure 2A,B
for TiO2(80) and Fe2O3(60), respectively (the numbers
in parentheses denote the mean primary particle size
in nanometers). Prior to deposition, the powders were
gently mixed in high-purity water. In both cases, the
aggregates are seen to be composed of primary
particles, tightly attached to each other, more so for
Fe2O3 than for the TiO2. The other similarity is that the
primary particles exhibit a significant spread in size,
with a most probable size commensurate with the size

Figure 1. Schematic illustrations of the conceivable interaction of insoluble particles with submersed cells grown at the
bottom of a well, filled with an appropriate medium of height h. (A) Previously employed picture, (B) more appropriate
concept discussed in this study. The number of particles in (A) and (B) is the same.
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numbers quoted by the manufacturer (more correctly
manufacturers should refer to the material not as being
composed of NPs but rather as being nanostructured).
The TiO2(80) powder differed from other oxide powders
in thatmost of the dried deposits formed extended, fairly
thin layers,with a thickness equivalent toonly a few times
the primary particle size. By contrast, the other analyzed
samples of dried (or air borne) nanopowders contained
bulky aggregates like the one shown in Figure 2B.

The difference between (nontransparent) nano-
powders in terms of their content of free or loosely
bound primary particles becomes evident by examin-
ing the opaqueness of water poured on a sample in a
test glass. Likewise, the ease with which aggregates
can be broken into smaller pieces shows up in situ as
progressive opaqueness, increasing with increasing
time of sonication. TiO2(80) turned out to particularly
easy to break up by sonication, one of the reasons for

the frequent use of thematerial in this study. However,
complete break up of TiO2(80) and the other nano-
powders could not be achieved. Even at the maximum
power possible with a probe-type sonicator (i.e., up to
the point beyond which significant erosion of the tip
occurs), the ultimate effect of imparting ultrasound
energy on aggregates was to detach weakly bound
NPs and small nanoaggregates from larger objects
(usually the sonicator was operated well below the
critical power so that flakes due to tip erosion were not
observed). Examples of unbreakable “nanoaggre-
gates”, observed after sonication, are depicted in
Figure 2C�E. Apparently, the primary particles con-
tained in a nanoaggregate are tightly bound together
by sintering during the high-temperature production
process so that the forces that can be imparted by
sonication are not sufficient to fracture the nanoag-
gregate at the neck between two primary particles.

Figure 2. Scanning electron images of nanopowders initially suspended in the specifiedmedia and subsequently dried from
1 μL droplets deposited on polished silicon substrates.
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The mean particle sizes estimated from the SEM
images are in good agreement with the size spectra
measured by DLS, as shown by the spectra denoted by
solid lines in Figure 3A,B, featuring most probable
hydrodynamic diameters of 215 and 210 nm for TiO2-
(80) and Fe2O3(60), respectively. It is worth noting that
with nanopowders other than TiO2(80) large nonfrac-
tured aggregates (>3 μm)were frequently observed by
SEM, even after prolonged high-power sonication.

To reduce the surface tension of pure water, a small
amount of bovine serum albumin (BSA, 0.08 mg/mL)
was added to the aqueous suspension prior to drying
the samples of Figure 2C�E. This approach served to
minimize agglomeration of primary particles during
drying. For a 1 μL droplet covering a circular area with a
diameter of typically 1.5 mm after drying, the quoted
BSA concentration converts to a layer of 30 nm
(assuming uniform thickness and a BSA mass density
of 1.5 g/cm3). BSA sticking to NPs and nanoaggregates
may enlarge the apparent size and degrade resolution
in SEM analysis. This appears to have been the case
with the Fe2O3(60) objects in Figure 2E. By contrast,
little or no BSA seems to have attached to the TiO2(80)
nanoaggregates seen in Figure 2D.

The importance of SEM imaging of particles in
aqueous solutions cannot be underestimated: one gets
to know to what extent aggregates can be fractured by
sonication. The ultimate goal, of course, would be
imaging of nanoaggregates in cell culture media. Un-
fortunately, this is not possible without very severe
artifacts. As documented in Figure 2F,G, with BSA
added to an aqueous suspension at a concentration
of 3.8 mg/mL (well below the standard 10 mg/mL in
cell culture media), the suspended nanoaggregates
form various types of agglomerates upon drying. Only
a few of the agglomerates are found at the surface of
the dried BSA layer which, in the images of Figure 2F,G
are estimated to be 1.4 μm thick. The situation be-
comes even more complex when nanoaggregates in a
dried buffer solution are examined (see Figure 2H)
(Krebs-Henseleit buffer, KHB, with 1 mg/mL BSA). The
conclusion is that useful information on the agglom-
eration state of the nanoaggregates in cell culture
media cannot be derived by SEM imaging of dried
solutions.

Agglomeration in Cell Culture Media. The response of
nanopowders to sonication in water and cell culture
media has been investigated in detail before.20,24 The
results obtained in this study were generally in accor-
dance with the previous work. For example, the mean
sizes Æxæ observed by DLS after sonication were always
smallest in water. Table 1 shows a compilation of
results for two different sonication powers. The effect
of increasing the power was moderate, sometimes negli-
gible. The differences in response to sonication reflect the
fact that the amount of primary particles and nanoaggre-
gates one may detach from large aggregates differs

strongly between nanopowders. Note also that there is
no systematic correlation between Æxæ and the primary
particle size. Last, but not least, it is worth noting that,
owing to the small amount ofmass usedhere in individual
experiments (typically between 0.1 and 0.5 mg), one can
also expect significant fluctuations in the distribution of
aggregates in the raw sample materials. Differences in Æxæ
by up to 20% were observed between different experi-
ments under nominally the same conditions. This finding
raises the question whether it makes sense to quote
measured Æxæ values with three significant digits.20,24

Two significant digits are more representative of reality.
Sonication in buffer solution or the addition of

buffer to a sonicated suspension usually gave rise to
pronounced or very pronounced agglomeration, as
shown in Figure 3A,B for sonicated TiO2(80) and Fe2O3-
(60). The extent of agglomeration could be reduced
significantly by adding BSA or fetal calf serum (FCS)
(see Figure 3A). Rather important was the finding that
there are very little, if any, differences in the extent of
agglomeration for different media, as shown in
Figure 3B for Fe2O3(60) in HAM's nutrient mixture,
HAM's F12, and Dulbecco's modified eagle medium
(DMEM). In an additional test, TiO2(80) was first soni-
cated in high-purity water at a concentration of
150 μg/mL. Then 0.9 mL of KHB þ BSA, DMEM þ FCS,
or RPMI 1640þ FCSwas added to 0.1mL aliquots of the
aqueous suspension. The size spectra of all three
samples were found to be the same within experi-
mental uncertainty (most probable hydrodynamic dia-
meter 750 ( 30 nm). It is worth mentioning that, in
contrast to the most probable size, the width of the
distributions can vary significantly in a series of 30 s
DLS measurements on the same sample. This observa-
tion implies that the size distribution in the analyzed
volume can fluctuate significantly.

Another aspect of concern in previous work was the
stability of NP solutions during sample storage after
preparation, for sonicated nanopowders20 and NP
suspensions synthesized in solution.22 The aim was to
show that the mean diameter of the NPs remained
constant. The size distributions observed in this work
for nanoaggregates in cell culture media with serum
also remained essentially unchanged for periods up to
3 days (see Figure 3B,C). This type of stability, however,
does not imply that the number concentration of the
suspended particles in the analyzed volume also re-
mained constant. The problem is that a DLS measure-
ment yields only a normalized size distribution, and
particle concentrations in absolute terms cannot be
derived. In other words, the stability of size distribu-
tions does not provide evidence for the absence of
gravitational settling or diffusion.18

Some rather crude information concerning possible
changes in concentration could be derived from the
DLS signal due to the large molecules of the serum
which, however, feature only a very small scattering
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cross section. In Figure 3C, the BSA signal around 10 nm
is somewhat noisy but increases with increasing time
of sample storage. If one assumes that the concentra-
tion of the serum remains unchanged, at least on the
scale of a few days, the increasing BSA signal means

that the TiO2 nanoaggregate concentration, arbitrarily
normalized to unit peak intensity by the software,
actually decreased significantly during the almost 3
days of sample storage. Similar information could be
derived by taking note of the laser power which the
DLS instrument selects for optimum performance in
the respective run. The chosen power is higher the
lower the particle concentration. In the measurements
of Figure 3C, the optimumpower at time 2.8 days was a
factor of 3�3.5 higher than for the fresh sample,
indicating a loss in concentration during the storage
period by roughly the same factor.

Time-Dependent Decrease in Absorbance as a Means of
Quantifying Gravitational Settling. More quantitatively reli-
able information on changes in particle concentration,

that is, on settling, was derived by measuring the

absorbance in parallel with the DLS analysis. Notably,
in the case of TiO2, it was found that such measure-

ments must be carried out with great care because the

distribution of particles can bedistorted by exposure to

the beam of light (see below). In order to avoid

distortions as much as possible, it is advisible to mini-

mize the time of the measurement. Another problem

of somewhat erratic nature was the deposition of

particles at the walls of the cuvette. This gave rise to

an additional absorbance superimposed on the signal

Figure 3. DLS spectra of sonicated nanopowders measured in a variety of media and at different times of storage after
sonication. The height of the analyzed liquid in the DLS cuvettewas usually 18mm. Themass concentrations ranged between
20 and 30 μg/mL. BSA concentrations: (A) 0.5 mg/mL, (C) 5 mg/mL, and (D) 7 mg/mL. In (B), H-F12 denotes HAM's F12; FCS
concentration 10%. The spectrum labeled by solid triangles in (D) wasmeasured following gentle agitation of the suspension
after 4 days of sample storage.

TABLE 1. Mean Size Æxæ of Nanopowders Dispersed in

Water after Probe-Type Sonication at Two Different

Ultrasound Powers, 30 and 70% of the Maximum (Labe-

led “Moderate” and “High”, Respectively). Duration typi-

cally 1 min. ‘Fil’ denotes Æxæ after having passed the soni-

cated solution through a filter with a pore size of 0.22 μm

nanopowder Æxæ (nm) moderate power Æxæ (nm) high power

TiO2(20) 190 ((40%)
Fil: 75 ((30%)

TiO2(80) 190 ((40%) 120 ((30%)
Fil: 93 ((25%)

TiO2(200) 250 ((20%)
Fe2O3(60) 115 ((40%) 105 ((50%)
SiO2(80) 170 ((40%)
Fe3O4(25) 220 ((40%)
Co(30) 1100 ((20%) 1050 ((40%)
CeO2(100) 620 ((25%) 400 ((40%)
Aerosil 85 ((20%) 80 ((30%)
Printex 90 80 ((40%) 80 ((40%)
carbon SWNT 300 ((40%)

Fil: 80 ((40%)
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due to the medium. The added wall contribution was
determined at the end of a measurement after having
removed the solution. With these complications in mind,
the absorbance after 2.8 days of sample storage was
found to be reduced to 15�20%. The conclusion is clear:
even though DLS measurements might indicate the
stability of size distributions, gravitational settling may
cause a severe loss of nanoaggregates from cell culture
mediawith heights as large as 10�20mm(seeMethods).

By far, the largest settling velocity was observed
with sonicated nanopowders of cobalt. Settling in
water in a DLS cuvette (height 20 mm) was largely
complete after only 80 min (residual absorbance
<10%). Already after 30 min, the settled matter had
caused a blackening of thewell bottom that was visible
to the naked eye. Remarkably, very significant agglom-
eration took place in the course of the experiment: the
mean size by DLS increased from 830 nm ((40%),
4 min after the end of sonication (2 min at 35% of
maximumpower), to 1500 nm ((30%) after 60min. On
the basis of Stokes law, or amodification thereof which
accounts for agglomeration,19 the settling velocity v is
proportional to the cross section (“area”) of the ag-
glomerate anddifference (F� Fm) in themass densities
of NP matter (F) and the medium (Fm). Owing to the
fact that cobalt features a rather high mass density
(FCo = 8.9 g/cm3), the observed high settling velocity is
not really surprising. This reasoning also implies that,
for aggregates of the same size and morphology, the
settling velocity for carbon (FC = 2.2 g/cm3) should be a
factor 7.9/1.2 = 6.6 lower than for cobalt (assuming
Fm = 1 g/cm3).

Agglomeration State of Settled Matter. Attention has
also been devoted to the status of the settled matter.
For this purpose, a sonicated suspension of TiO2(80) in
KHB (plus 7 mg/mL BSA) was allowed to settle for 4
days. Then the settled deposit was redispersed by
gently turning the test glass with the stock solution
repeatedly upside down. The DLS spectrum of the
redispersed matter exhibited two prominent peaks,

one centered at 260 nm, the other at 2.7 μm, as shown
in Figure 3D (solid triangles). This observation suggests
that significant additional agglomeration took place
within the settled matter, giving rise to the 2.7 μm peak.
However, some fraction of the sonicatedmatter seems to
escape agglomeration, retaining its character in the form
of individual nanoaggregates (peak at 260 nm). Note also
that in this particular measurement the BSA peak is
located at the “wrong” position, an artifact presumably
due to the presence of the prominent 2.7 μm peak. In
additional runs, the peak was found at other positions or
was even absent. Evidently, one has to conclude that the
ability of DLS to properly determine the spectrum of
multicomponent suspensions is limited.

Early Stages of Particle Settling and Agglomeration. An
example of the short-term arrival of particles at the
bottom of a suspension is presented in Figure 4.
Fe2O3 powder was suspended in KHB, to which 10%
(10 mg/mL) BSA was added. After sonication for 2 min
at the upper limit of supersonic power, a 20 μL droplet
was deposited on a coverslip and immediately trans-
ferred to an inverted microscope. The three images in
Figure 4 relate to three different times after sample
deposition, as specified below each panel. Inspection of
the images shows that during an 8 min period the
number density of particles at the bottom of the suspen-
sion has roughly doubled. This observation indicates
rapid settling. Note also that the particles arrange in the
form of agglomerates, preferentially chain-type.

Rapid Pile-up of Settled Particles at the Bottom of Wells.
Turning to the results obtained by microscopic obser-
vation of particle arrival at the bottom of cell culture
wells, the time dependence of settling of sonicated
TiO2(80) in KHB is documented in Figure 5 for two
different heights of the medium. A comparison of
Figure 5B,C shows essentially the same coverage: this
finding leads to the conclusion that settling in a 3.1mm
high medium (corresponding to 100 μL of medium)
was complete after only about 5 h (or even less). When
the height of the medium was increased by a factor of

Figure 4. Time dependence of the settling of Fe2O3 nanoaggregates suspended in KHBmedium and subsequently deposited
as a 20 μL droplet on a coverslip. The images were taken by A. Stampfl.
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3, the volume of the settled material increased sig-
nificantly, as a comparison of the top and center row of
images in Figure 5 shows. An important observation in
all settling studies was that nanoaggregates come to
rest at the bottom of the wells not as a uniform layer
but rather in the form of extended fractal deposits.
Prior to attaching to larger agglomerates (formed at
the early stage of settling; see Figure 4), all particles
executed intense Brownian-like motion near the bot-
tom of the well (see below).

In a simple model appropriate for particles of uni-
form size and identical mean sedimentation velocity,
the process of gravitational settlingmay be considered
equivalent to the collection of matter taking place
when a suspension is driven through a filter by the
action of a piston. If two solutions of different volume
contained in cylinders of the same diameter are pro-
pelled at the same traverse speed, the amount of
filtered particles will be the same until the low volume
suspension is exhausted. Using this model, the cover-
age in Figure 5A,D should be the same. This is evidently
not the case. The distinctly higher particle density in

Figure 5D is most likely due to the fact that the
assumption of a uniform size and settling velocity is
not valid. In reality, the suspended particles feature a
broad size distribution, as shown in Figure 3. This
means that already at comparatively short times, like
1:45 h, the largest agglomerates have apparently been
able to travel (significantly) more than 3.1 mm. The
large agglomerates present at a height >3.1 mm are
considered to be responsible for the difference in
coverage in Figure 5A,D. In more dedicated work, this
effect may be used to assess the settling velocity of
large agglomerates or to deposit them preferentially
on cells.

The prediction of eq 2 (i.e.,w0�h) was confirmedby
a comparison of the mean darkness of Figure 5C,F,
which reflect the case of completely settled matter.
For a quantitative evaluation, the number density of
extended black features with sizes >10 μm was
counted. The ratio for the media with h = 9.3 and
3.1 mm was 3 ( 0.4, somewhat dependent on the
section of the total image analyzed (the panels of
Figure 5 cover only about 5% of the full image).

Figure 5. Time dependence of the settling of TiO2(80) particles (27 μg/mL) at the bottom of cell culture wells following
sonication in KHB medium (96-well plate). The clock was started after having deposited the suspensions in the wells. At the
quoted heights, h, of themedia, themass concentration converts tomaximumachievable areal densities of (A�C) 8.4 μg/cm2

and (D�J) 25.2 μg/cm2 (corresponding thicknesses 21.5 and 64.5 nm). Each image is 200 μm wide. The mean size of the
agglomerated nanoaggregates was 980 nm, by DLS. (G�J) Images relate to the samemedium as in panels A�F, but with BSA
added at 7 mg/mL after sonication (mean agglomerate size 440 nm).
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Results obtained using KHB, supplemented with
bovine serum albumin (BSA), are shown in the third
rowof images in Figure 5. The addedBSAhad the effect
of reducing the mean size of agglomerates by a factor
of 2.2 (similar to the results shown in Figure 3A). One
consequence was a reduced speed of settling, the
other a distinct change in the structure of particle
pile-up at the bottom. Absolute data on settling velo-
cities could not be derived, one reason being the
limited resolution in optical imaging.

Settling of Filtered Nanoaggregates. In order to exclude
the possibility that agglomerate formation at the bot-
tom of the wells involved nonfractured large aggre-
gates, a settling experiment was performed with a
medium that had been filtered so that only nanoag-
gregates with sizes of less than 220 nmwere left in the
suspension. The agglomerates formed under these
conditions grew to sizes between 2 and 10 μm (see
Figure 6). A rough estimate shows that between 50 and
70% of the whole deposit is contained in ellipsoid-like
agglomerates. Note that, within experimental uncer-
tainty, the thickness (or volume) of the settled matter,
roughly represented by the number of large aggre-
gates, is proportional to the height of the medium,
again in agreement with eq 2.

Brownian-like Motion, the Key to Lateral Nanoaggregate
Transport. Details on Brownian-like motion are pre-
sented in Figure 7 for a sonicated powder of carbon
single-wall nanotubes (SWNTs) in RPMI 1640 medium,
supplemented with 10% fetal calf serum (FCS). The
images represent the beginning (A) and end (B) of a
movie (duration 2 min) recorded 18 h after deposition
of the sonicated sample in the well (see Supporting
Information). The three objects at which arrows are
pointing have migrated, on average, a surprisingly
large distance of about 10 μmwithin 2 min. Significant
rotation of the large aggregates is also evident.

For the purpose of documenting that settling and
Brownian-like motion occur quite generally with sus-
pended nano- andmicrosized particles, two additional
movies were made at much shorter times, Δt, after
sample preparation, one for sonicated Printex 90 (Δt =
1 h), the other for sonicated TiO2(200), Δt = 1.5 h (see
Supporting Information). These movies also show par-
ticles traveling through the medium to the bottom.

Effects of Illumination. In course of this study, effects
of sample illumination were observed repeatedly, but
with distinctly different magnitudes for different com-
binations of nanopowder and liquid medium. The
effect was first observed in studies that aimed at
quantifying the speed of settling of TiO2(80) in water
by measuring time-dependent changes in absorbance
in the central section of the analyzed medium. With
increasing time of storage of the sample after sonica-
tion, a gradually increasing volume in the top part of
the suspension (height typically 18 mm) turned trans-
parent, quite well separated from the milky section

below. If the probing rectangular beam (ca. 2� 10mm)
of monochromatic light (wavelength 380 nm) inter-
sected the transition region between the two sections
for more than about 20 s, deep troughs of transparent
medium were generated in the milky section, thus
strongly disturbing a correct measurement of the
absorbance. Indications of this effect were also seen
in DLS measurements. Apparently, the transition re-
gion between the transparent and themilky sections is
highly unstable so that only a minor stimulation, pre-
sumable in the form of heat deposited by the incident
light, suffices to cause very rapid and efficient diffu-
sional transport of nanoaggregates.

Figure 6. Structure of deposits grown after TiO2(80) na-
noaggregates had completely settled at the bottom of cell
culture wells filled with media of different heights h. The
nanopowder was sonicated in KHB containing 7 mg/mL of
BSA. Following sonication, the suspension was passed
through a filter with a pore size of 220 μm. The filtered
nanoaggregates had a mean size of 196 nm. At the quoted
heights, the mass concentration of 55 μg/mL (calibrated by
absorbance measurements) converts to total mean areal
densities of (A) 17.5, (B) 35, and (C) 51.5 μg/cm2

(corresponding compacted thicknesses 44, 88, and 132 nm,
respectively).

Figure 7. Aggregates of carbon SWNTs settled at the bot-
tom of a cell culture well, 18 h after sonication in RPMI 1640
medium. The initial mass concentration was 16 μg/mL,
h = 6.2 mm. Presumably as an effect of illumination during
imaging, a sizable fraction of the settled matter was relo-
cated to a central area with a diameter of about 0.6 mm.
Image B was taken 2 min after A.

A
RTIC

LE



WITTMAACK VOL. 5 ’ NO. 5 ’ 3766–3778 ’ 2011

www.acsnano.org

3774

Other effects of illumination were observed in the
course of detailed studies on settling and Brownian-
like motion of particles using optical microscopes.
These investigations often required exposure of the
samples to light for an extended period of time. The
most obvious effect of this exposure was a change in
the direction and the speed of particles on their way
from themedium to the bottom,monitored bymoving
the plane of focus from the bottom into the medium
(see movies 2 and 3). Occasionally, the effect of illumi-
nation was more pronounced, if not dramatic. Re-
peated redistribution of settled matter was observed,
most strongly with samples containing carbon single-
wall nanotubes (SWNTs). In another case, during an
extended observation of SWNTs in water (þBSA at 0.9
mg/mL), essentially all of the settled matter suddenly
moved out of focus. It turned out that it had been
relocated, in some kind of concerted action, to one side
of the well (see Figure 7). A similar effect was observed
with a sample containing sonicated TiO2 with primary
particle sizes of about 200 nm. The phenomenon was
not yet explored in detail.

Nanoaggregate�Cell Interaction. In viewof theevidence
presented above on settling and Brownian-likemotion of
particles in liquid media, it appeared desirable to take at
least an exploratory look at the response of cells to the
large amount of nanoaggregate matter available at the
well bottom. Epithelial-like LA-4 cells of mice were ex-
posed to Fe2O3 particles in HAM's F12K medium using
12-well plates. Exposurewas deliberately started at a point
of proliferation at which the coverage of the bottom was
well below confluency (coverage ca. 15 ( 5%). The top-
row images in Figure 8 depict the situation observed after
18 h of exposure. The columns labeled low, medium, and

high relate to three different maximum areal densities of
the nanoaggregate matter. It is evident at first sight that
the presence of cells at the well bottom had a dramatic
effect on the lateral distribution of settled matter. With
increasing availability of particles, the cells had turned
increasingly black, indicating that they had taken up or
were covered with Fe2O3 matter (or both). Large areas
surrounding the cells are seen to be devoid of particles.
Both effects were more pronounced the larger the nom-
inal coverage (or uptake). Other studies revealed similar
features (LA-4 cells exposed to TiO2(80), in collaboration
with D. Adig€uzel).

By way of moving the focal plane of themicroscope
through the region above the well bottom, the settled
particles were found to execute Brownian-like motion
preferentially within a roughly 5 μm thick layer above
the well bottom. Assuming a medium with a height of
typically 5 mm, this means that, under conditions of
complete settling, the cells will be exposed to particles at
a concentration exceeding the concentration in the as-
prepared medium by a factor of 1000. Furthermore, as a
result of lateral Brownian-like motion, the actual areal
density of particles arriving at or attaching to cells ismuch
higher than the mean coverage established at the well
bottom where no cells are residing. The dose enhance-
ment resulting from this effectwill depend on the time of
exposure. Analysis of the results of Figure 8H suggests
that, with more or less isolated cells and after sufficiently
long times of exposure (1�2 days), the amount ofmatter
internalized in or accumulated on cells was at least an
order ofmagnitudehigher than themeanareal density of
settled matter.

No attempt has yet been made to determine the
fraction of dead cells in a quantitative manner. This

Figure 8. Images illustrating the status of interaction of Fe2O3 particles with epithelial-like LA-4 cells of mice at two times of
exposure in HAM's F12Kmedium. (A,E) Control sample, (B�D, F�H) exposed cells. Themass concentrations, the height of the
media, and the calculatedmaximumthicknesses of settledmatterwere 33μg/mL, 2.9mm, and18nm inpanels B and F (“low”),
33 μg/mL, 8.7 mm, and 55 nm in C and G (“medium”), and 96 μg/mL, 8.7 mm, and 160 nm in D and H (“high”). The cells were
grown by T. Wachtmeister.
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would make sense only if the vitality of each individual
cell would be determined as a function of time and
coverage. As Figure 9 shows, most of the heavily
exposed cells are dead, in particular, those shown in
panels C and D. This interpretation is supported by
the fact that, in contrast to the control samples
(Figure 8A,E), the density of cells did not increase with
increasing time, notably for medium and high cover-
age (at low coverage the available images were not
fully conclusive). Given the fact that the dead cells in
Figure 8A,C,D are heavily loaded with particulate matter,
there can be little doubt that they died because their vital
functions were obstructed, largely or fully. At moderate
load, however, cells may retain their vitality, as illustrated
by the example shown in Figure 8B. In this case, nano-
toxicity effects are not (yet) evident, even though, with
about 200 to 300 μm2 of the cell covered, some 5000 to
10000particleswereavailable for interactionwith the cell.

DISCUSSION

Prior to discussing of the results, it worth noting that
the aspects of nanotoxicity discussed here involve the
idea that the mere physical presence of nanostruc-
tured matter in and on cells may cause adverse effects.
More correctly, one should refer to this aspect as
“physical nanotoxicity”. It is well-known that the sur-
face-to-volume or the surface-to-mass ratio increases
with decreasing size of particles so that, dependent on
the chemical properties of the solvent, the rate of
dissolution of NPs (per unit mass, not per particle!)27

may be high. If the dissolvedmaterial is toxic, as known
for some ions of transition metals,28,29 any associated
adverse effects should be termed “chemical nanotoxi-
city”. The resulting phenomena may be explored in
analogy to the toxicological assessment of hazardous
chemical substances. A much more difficult situation
will be encountered if NPs are dissolved only by the
time they have already been taken up by a cell.29

The results presented in Figure 8 validate the novel
concept of cell exposure according to Figure 1B. Pre-
vious attempts to rationalize the results of in vitro

cytotoxicity studies on thebasis of the picture sketched
in Figure 1A did not consider rapid settling of NPs. In
terms of novel findings, the first important message is

that the results of in vitro nanotoxicity studies are
impossible to interpret unless the height of the cell
culture medium is quoted in addition to other mea-
sures of dose such as the mass concentration, the
mean particle size, and the time of exposure.
The second important message is that settled NPs

perform intense Brownian-like motion, a finding that
may serve to explain the results of Figure 8. Once the
particles have arrived at the bottom of the well, they
will travel, laterally and statistically, over distances on
the order of tens or even hundreds of micrometers
during the exposure period (owing to the fact that cells
in incubators are kept at 37 �C, the mobility of particles
in the experiment of Figure 8 was presumably larger
than at room temperature to which the results of
Figures 4�7 relate). Whenever the migrating NPs or
NP aggregates encounter cells, the probability of
uptake or adherence appears to be high. Particles
taken up by cells or adhering to them are removed
from the mobile fraction in the liquid medium. Hence
the mean concentration near the cells will decrease
significantly, so that this region looks empty. The
concentration actually established will reflect the com-
petition between the loss of particles to the cells and
the influx from the high-concentration region.
The third important message concerns dose assess-

ment in nanotoxicity studies. Given the fact that the
arrival rate of particles at cells is generally unknown, a
meaningful dose of exposure can only be defined if the
amount of matter attached to or internalized by cells is
measured. To add to the complications, the number of
particles a cell will have access to depends on the spacing
between neighboring cells; that is, the dose per cell will
be much larger with isolated cells than with a confluent
layer. Note that these arguments also hold if we assume
that the empty regions around cells in Figure 8 are partly
or fullydue tomotionof cells during the timeof exposure.
An important question is whether delivery of particles

to cells occurs only as longas the cells are alive. According
to Figure 8, the size of the “emptied” areas increased after
18 h of exposure, even though many of the cells were
already heavily loaded with matter at that time. This
could mean that either the particles adhere not only to
alive but also to dead cells or that even with a heavy

Figure 9. Detailed viewof the vital state of epithelial-like LA-4 cells after exposure to Fe2O3 NPs. Themass concentrations, the
height of themedia, and the calculatedmean thicknesses of completely settledmatterwere (A) 33 μg/mL, 5.8mm, and 36 nm,
(B) 96 μg/mL, 2.9 mm, and 53 nm, (C) 96 μg/mL, 5.8 mm, and 107 nm, and (D) 96 μg/mL, 8.7 mm, and 160 nm.
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particle load the cells stay alive for a certain period of
time, to the end that they die, in the experiment of
Figure 8, at some point between 18 h and 2.7 days.
One of the aspects that could not be clarified in this

work is the distinction between external and internal
loading of cells with NP matter. Previous studies have
concentrated on the analysis of NP uptake by cells. For
that purpose, the cells were washed prior to further
treatment. Element-specific analysis was carried out by
inductively coupled plasma mass spectrometry (ICP-
MS)19,22 or atomic emission spectrometry (ICP-AES).30

Careful cell washing, however, destroys the informa-
tion on NP coverage of cells. Without documenting the
coverage after exposure, one has no measure of dose
for the individual cell studied; that is, one cannot
correlate the number of possibly internalized particles
with the amount of matter that was adhering to the
cells before. Given the fact that NP uptakewas found to
saturate on time scales between 5 min31 and 6 h,30 it
could well be that NP�cell interaction during a 24 h
period of exposure will take place in two steps, first
efficient internalization up to saturation followed by
deposition of settled matter on the cells. Distinction
between these two fractions appears to be highly
relevant for an understanding of cytotoxicity effects.
It will also be necessary to address the question
whether saturation is a matter of time or the amount
of internalized matter, or both. Whereas the speed of
NP uptake (by number) was found to be size-
dependent,30 cells do not seem to have problems with
the internalization of large agglomerates.19 Even par-
ticles with sizes of several micrometers were found to
be internalized by A549 human lung epithelial cells.32

Note that uptake of NPs by cells does not necessarily
cause acute cytotoxicity, as shown for gold particles.33

One conceivable avenue of future research is online
microscopic imaging of the interaction of settled par-
ticles with individual cells. Such investigations will
require highly dedicated instrumentation, like incuba-
tors with integrated inverted microscopes. The ulti-
mate problem of such studies may be the Brownian-
like motion of particles, which has the effect of leaving
the control of the location of particle adherence to the
cell, not to the experimenter. Various other sugges-
tions for future work have been discussed elsewhere.18

CONCLUSIONS

The results presented above imply that a large
fraction of previous studies aimed at exploring the
health hazard associatedwith exposure toNPsmay not
have been as conclusive as desired. In many cases, the

observed effects were presumably not due to the
(unknown) toxic potential of the particles but rather a
consequence of mechanically obstructing the vital
functions of cells byway of overloading them internally
or externally with insoluble matter. It may beworth the
effort to re-evaluate previous studies with the aim of
identifying those cases where the observed effects were
actually due to cell overload. The situation is reminiscent
of the early overload studies with animals.34,35 In both
cases, the most adequate measure of exposure appears
to be the volume of matter available to or deposited on
the cells. In cell culture studies, the internalized and the
deposited NPs will initiate a whole spectrum of time-
dependent responses, the end point being cell death.
The measured “mean” signal will be a very ill defined
average over the responses sent out at different times of
exposure, and from cells with a wide range of loading
with nanostructured matter. Hence, there is a need for
studies with highly efficient, short-term delivery of NP
matter to cells, followed by extended periods of cell
culture in clean media.
These ideasmay be carried even further. As shown in

another very closely related study,18 adverse effects
due to exposure of submersed cells to nanostructured
matter are only observed if the dispersed material is
transported fairly rapidly to the cells, by gravitational
settling and/or by diffusion.19 Hence, there is no reason
to strive for a uniformly mixed, “stable” dispersion of
NPs in the medium. The apparent need for a stable
dispersion was nurtured, knowingly or unknowingly,
by analogy arguments in memory of procedures used
to assess the risk due to exposure to hazardous che-
mical substances. Stable dispersions, if they can really
be produced, will merely have the effect of slowing
down the rate of NP�cell contact. It may well be of
interest to study the fate of cells under conditions of
“slow” exposure, but on the standard time scale of 24 h,
the result may only be: no effect. To get close to the
situation sketched in Figure 1A, researchers should
grow the cells at the walls of the well so that the cells
will not be exposed to settled material (but NP trans-
port to cells by diffusion would still occur). However,
what we really wish to know is the following: How do
cells respond if a certain number of NPs arrive at their
outer surface? It is unlikely that the response will
depend on the history of NP travel to the cells. The
parameters that we need to get proper control of are
the amount of NP matter delivered to the cells, the
frequency of exposure (once or repeatedly), and the
time after exposure. In other words, it is about time for
a paradigm shift in the design of nanotoxicity studies.

METHODS

Particles. The following nanopowders were used (the num-
bers in parentheses denote the nominal primary particle

size in nanometers according to the manufacturer): TiO2(20),
TiO2(250), Printex 90 (all by Degussa), Aerosil (Degussa
Evonik), carbon single-wall nanotubes, SWNTs (Sigma-Aldrich),
TiO2(80) (TAL), SiO2(80), Fe2O3(60), Fe3O4(25), Co(30), CeO2(100)
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(Nanoamor). The powders were kindly made available by M.
Maier, Institute of Toxicology, and by A. Gatti, Modena, Italy.

Particle Treatment and Size Analysis. Themodel UW 2070 probe-
type sonicator (Bandelin) served to fracture aggregates sus-
pended in different liquids. Carefully weighed quantities of
nanostructured matter were deposited at the conical bottom
end of a test glass with an inner diameter of 14mm. Five to 7mL
of solventwas addedgently. Sonicationwas carried outwith the
tip of the probe inserted by 6 ( 1 mm. Size spectra of particles
were determined by dynamic light scattering (DLS) using the
high-performance particle sizer (HPPS, Malvern), operating at a
wavelength of 632.8 nm and a scattering angle of 173�. The
liquid samples were contained in cuvettes with an inner cross
section of 4 � 10 mm2; the height of the liquid was typically 18
mm. Usually, three DLS spectra were taken with an integration
time of 30 s each. The size and morphology of individual
particles and aggregates were explored by scanning electron
microscopy (SEM), using a model JSM-6300F SEM (JEOL)
equipped with a field emission electron gun.

Quantification of Particle Settling. One approach to determining
the speed of sedimentationwas tomeasure the absorbance of light
as a function of time using samples in cuvettes used for DLS.
The employed spectrophotometer (Uvikon 941 plus, Kontron
Instruments) was set for analysis at a wavelength of 380 nm. The
measured signal represents the absorbance averagedover a 10mm
wide vertical section of the liquid, defined by slits in the spectro-
photometer. The slits are roughly centered at half height of the
analyzed liquids (one sample and one reference without particles).

More direct information on gravitational settling was ob-
tained by monitoring the arrival rate of sonicated matter at the
bottom of wells. Three different inverted microscopes served
the purpose, Axiovert 2000, Axiovert 200 M, and Axio Observer
Z1, all by Zeiss. The instruments were operated at magnifica-
tions between 10� and 63�. The Axio Observer Z1 was also
used to produce movies of particle motion during and after
settling.

Cell Cultures. Adherent epithelial-like LA-4 cell were kindly
provided byM. Semmler-Behnke. The cell line was isolated from
urethane-induced lung adenoma of an A/He strain mouse
(28 weeks of age). The cells, previously used successfully in
exposure studies (D. Adig€uzel, personal communication), were
cultured in amodel 3111 S/N incubator (Forma Scientific) under
standard conditions (37 �C, 5% CO2).
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