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D
evelopment and production of en-
gineered nanoparticles (ENPs) are
an emerging technology for use in

various technical andmedical applications, for
example, as transporters for drugs in the hu-
man body. For example they are used as gene
carriers to tumors in a concentration of 50 μg
per 20 g body weight.1 This applied concen-
tration corresponds to 37 μg/mL blood for a
human with 75 kg of body weight and 5 L of
blood volume. Compared to our experiments
the highest used P90 concentration of 8� 109

particles/mL corresponds to a weight of ap-
proximately 6 μg/mL and the highest concen-
tration of TiO2 (4 � 109 particles/mL) corres-
ponds to 9μg/mL. However, the effects on the
organism in total are largely unknown and
often seen as a possible risk. From epidemio-
logical studies it has been long known that
nanoparticles in ambient air exert negative
effects on the cardiovascular system and cen-
tral nervous system (CNS).2�7 It is conceivable
that newly developed ENPs may also have a
negative impact on the cardiovascular system
upon exposure. Investigations using inhala-
tion and instillation of nanoparticles unam-
biguously showed their respiratory toxicity
and inflammation reactions.8

On the cellular level different tests are
routinely used. These tests possess different
end points and elucidate only one parameter.
Hence, theycannotaccuratelypredict an in vivo
response,necessarily.However,up to thispoint,
toxicity tests on internal organs with respect to
ENPs have not been described, but the estab-
lishment of such is highly requested.9�11

Three-dimensional test systems can be
used to assess part of the risk potential of
the ENPs. With these models complex body
barrier structures are simulated in vitro and the
translocation of ENPs can be studied. For
example, human skin and air tubing can be

built up as three-dimensional in vitro test sys-
tems and offer the possibility to check any
impact of ENPs.12

The mechanisms involved for cardiovascu-
lar effects of nanoparticles are poorly under-
stood, in general. So far, only the method of
translocation of deposited nanoparticles from
the lung, through lung tissueormembrane, to
the bloodstream, and consequently to other
organs has been published previously.13,14

Therefore, it would be very valuable to have
a model system to test the impact on the
heart as an intact organ. It is currently un-
clear, whether NPs (and consequently also
ENPs) can affect the cardiovascular system
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ABSTRACT Engineered nanoparticles (ENPs) are produced and used in increasing quantities for

industrial products, food, and drugs. The fate of ENPs after usage and impact on health is less known.

Especially as air pollution, suspended nanoparticles have raised some attention, causing diseases of

the lung and cardiovascular system. Human health risks may arise from inhalation of ENPs with

associated inflammation, dispersion in the body, and exposure of vulnerable organs (e.g., heart,

brain) and tissues with associated toxicity. However, underlying mechanisms are largely unknown.

Furthermore future use of ENPs in therapeutic applications is being researched. Therefore knowledge

about potential cardiovascular risks due to exposure to ENPs is highly demanded, but there are no

established biological testing models yet. Therefore, we established the isolated beating heart

(Langendorff heart) as a model system to study cardiovascular effects of ENPs. This model enables

observation and analysis of electrophysiological parameters over a minimal time period of 4 h

without influence by systemic effects and allows the determination of stimulated release of

substances under influence of ENPs. We found a significant dose and material dependent increase in

heart rate accompanied by arrhythmia evoked by ENPs made of flame soot (Printex 90), spark

discharge generated soot, anatas (TiO2), and silicon dioxide (SiO2). However, flame derived SiO2
(Aerosil) and monodisperse polystyrene lattices exhibited no effects. The increase in heart rate is

assigned to catecholamine release from adrenergic nerve endings within the heart. We propose the

isolated Langendorff heart and its electrophysiological characterization as a suitable test model for

studying cardiovascular ENP toxicity.

KEYWORDS: Langendorff heart . engineered nanoparticles . catecholamines . ECG .
nanotoxicity
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by causing systemic inflammation, stimulating meta-
bolic effects, or whether they can act directly (physi-
cally) on the heart.
We report on our experiments with an isolated beat-

ing heart, the so-called Langendorff heart (LH).15�18 It
has its own rhythm generator, the sinus node, and is
still beating outside the organism. Guinea pigs were
chosen as donor animals, as their electrophysiological
response in the ECG is similar to that of humans. Other
rodents have only a very short ST segment, so that
alterations, such as ST elevations, can hardly be de-
tected. Wemodified the well established LH system for
isolated hearts and adapted a second volume for
recirculation of the perfusion solution after a washout
period. The ENP solutionwas added to the same vessel.
The function of the heart is monitored by the ECG

and by determination of the perfusion rate. The LH
allows the perfusion with different kinds of fluid-dis-
persed particles, and, of special importance, the rever-
sibility of the observed effect by repetitive rinsing of
the heart with particle-free buffer can be studied.
Furthermore, chemical analysis of the perfusion solu-
tion allows for interpretation, whether the observed
effects are directly evoked by ENPs or neuronal, hor-
monal, or inflammatory effects are involved.
This provides an adequate model for testing the

effects of ENPs on the heart rate measured by ECG. It also
offers the chance for analysis of possible released catecho-
lamines stemming from nerve endings within the heart
and other originated substances during ENP perfusion.
First experimentshaveshown thatparticles canaffect ECG,
heart rate, and catecholamine release in this model.19

RESULTS

We added different defined amounts of appropriate
model ENP materials to the recirculating perfusion solu-
tion of the isolated hearts after an initial equilibration
period. Typically, the heart rate before adding the particles
was approximately 180 beats per minute (BPM). During

the first hour after addition of ENP, a significant dose-
dependent increase in heart rate occurred, and a steady
state level was reached. TiO2 (2 � 109 particles/mL)
increased the heart rate significantly by 5.96 ( 2.8%
and Printex 90 (4 � 109 particles/mL) by 5.27 ( 2.03%
(Figure 1a). To elucidate, whether the particles have more
effectiveness after a first contact, the concentration after
the first hour was doubled. After doubling, a further
increase in heart rate occurred which was accompa-
nied by cardiac arrhythmia. The increase was stronger
than after the initial dose. Two hours after application
of nanoparticulate TiO2 (4� 109 particles/mL) the heart
rate increased significantly by 13.2 ( 2.7% (n = 7;
p < 0.05), and under the influence of flame soot P90
(8 � 109 particles/mL) the heart rate increased by
15.2 ( 2.5% (n = 7; p < 0.05) (see Figure1b) as well.
Furthermore, we investigated the effect of SiO2 and

spark discharge generated soot without dose-depen-
dency at one concentration level each. One hour after
application spark discharge generated soot evoked a
significant increase in heart rate. After doubling the
concentration the heart frequency increased signifi-
cantly during the second hour under the influence of
spark discharge generated soot, and SiO2 as well.
Moreover, arrhythmia also occurred. SiO2 was themost
efficacious material. In a concentration of 1 � 109

particles/mL the increase in heart rate was 7% at the
end of the second hour. Spark discharge generated
soot (8� 109 particles/mL) evoked an increase by 13%
during the second hour (Figure 2). The particle size was
controlled during the entire experiment to exclude
agglomeration.
In the absence of particles, the heart rate did not

change for 3 h, and no significant alterations in the ECG
were observed (data not shown).
To summarize the effects of flame soot P90, TiO2, and

spark discharge generated soot, the same concentra-
tion and same duration of exposure is shown in Figure
3 with a typical experiment each.

Figure 1. Dose-dependent increase in heart rate compared to baseline (nearby 180 BPM) before exposure (mean value( SD;
n = 6 each; /, p < 0.05): (a) 1 h after ENPs exposure, (b) 2 h after ENPs exposure (after 1 h particle concentration was doubled).
TiO2, red triangle; P90, black square.
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Concomitantly to the increase in heart rate, an
increase in coronary flow through the heart was ob-
served (Figure 4). The increase in perfusion rate is a hint

that the bloodstream is not reduced by occlusion of
vessels.
Simultaneously with the heart rate, the ECG was

alteredunder the influenceof theseparticles.Afterparticle
application ST elevations occurred (see Figure 5). Atrio-
ventricular block (AV block) appeared at the highest used
concentrations of P90 at 44( 4 min, TiO2 at 50( 5 min,
and spark discharge generated soot at 27 ( 3 min after
addition of the particles (n= 3). Typical ECGs are shown in
Figure 6. An AV block involves the impairment of the
conduction between the atria and ventricles of the heart.
The increased coronary flow corresponding to the in-
crease in heart rate indicated that the observed changes
in ECG, especially ST elevations, were actually induced by
particles and not evoked by ischemia.
During the following washout period of 30 min, the

heart rate returned to the initial value. The ECG changes
(ST elevations and AV blocks) however, persisted.
Regarding the observed decrease in heart rate during

the washout period with particle-free perfusion solution,
we hypothesized that the ENP-induced increase in heart
ratemightbe causedbya release of catecholamines from
the sympathetic nerve endings in the heart.
To examine this hypothesis, in a first approach, we

blocked the catecholamine β1-receptors using metopro-
lol (3μg/mL).When this inhibitorwas addedafter thefirst
hour of the perfusion period with the ENP suspension,
the heart rate decreased rapidly within a few minutes by
13.7( 2.2% (n = 6). This effect was observed with flame
soot P90 and TiO2. When metoprolol was administered
before adding the ENPs, no effect was observed because
the catecholamine receptors were blocked before the
ENPs evoked a release of catecholamines.
In a second experiment, we pretreated guinea pigs

before heart excision with reserpine (subcutaneous in-
jection of 5mg/kg bodyweight) for 24 h. This application
effectively depletes catecholamine stores in neurons.20,21

Under these conditions, TiO2 (4� 109 particles/mL) failed
to increase the heart rate in the isolated hearts.
To get direct evidence that catecholamines evoke

the increase in heart rate, in some experiments aliquots
of the perfusion solution were collected before and 2 h

Figure 2. Increase in heart rate evoked by spark discharge
generated soot and SiO2. Increase in heart rate after 1 h spark
discharge generated soot exposure (4� 109 particles/mL) and
2 h after doubling of the particle concentration (8 � 109

particles/mL); (mean value ( SD; n = 6 each; *: p < 0.05).
Increase in heart rate after 1 h SiO2 exposure (5� 108 particles/
mL) and 2 h after doubling of the particle concentration (1 �
109 particles/mL); (mean value( SD; n = 6 each; *, #: p < 0.05).

Figure 3. Increase in heart rate after 1 h (4 � 109 particles/
mL) and 2 h after doubling of the particle concentration (8�
109 particles/mL) of exposure with TiO2, P90, and spark
discharge generated soot. One typical experiment for each
material is shown.

Figure 4. Time-resolved correlation between heart fre-
quency and coronary flow during exposure of TiO2 (2� 109

and 4 � 109 particles/mL) for one single experiment.

Figure 5. ST elevation after particle application of TiO2,
spark discharge generated soot, and P90 (n = 3).

A
RTIC

LE



STAMPFL ET AL. VOL. 5 ’ NO. 7 ’ 5345–5353 ’ 2011

www.acsnano.org

5348

after adding ENPs, and the total catecholamine con-
tent was determined by HPLC analysis. Primarily, nor-
adrenalin (NA) was detected. At concentrations of
flame soot P90 and TiO2, that exhibited similar effects
on the heart rate, the NA content was significantly
elevated by 69% (n = 7; p < 0.002) compared to the
level observed before addition of NP. In two control
experiments without ENP addition, no increase in NA
content was detected. However with the ENP samples,
made of Aerosil 90, 200, 380, and polystyrene lattices
no alterations in heart frequency and ECG were ob-
served. Moreover, in three experiments with Aerosil
200 the NA content was determined, and no increase
after application of the drug was observed, too.
For further understanding of the release mechanism of

catecholamines we proved whether calcium ions play a
key role. Therefore, we determined the intracellular free
calcium in single neurons by fluorescence imaging using
the Ca2þ-sensitive fluorescent dye Fura-2. In mouse
neuroblastoma cells (Neuro2A) flame soot P90 and
TiO2 evoked a significant increase in intracellular free
calcium within 30 min. TiO2, in a concentration of 4� 109

particles/mL, was similarly provocative as flame soot P90
in a concentration of 8 � 109 particles/mL (Figure 7).
This finding corresponds to the effects of these particles
on the increase in heart rate.

DISCUSSION

Our results show that ENPs directly affect the heart
function of the LH model. The observed increase in
heart rate is very likely caused by a release of catecho-
lamines from the neural endings at the inner heart

walls after particle/cell wall interaction. However, it
cannot be totally ruled out that catecholamine reup-
take is diminished by inhibition of their specific trans-
porters. Some control experiments with the reuptake
inhibitor reboxetine had no influence on heart rate.
Another study using isolated hearts of hypertensive

rats also found a slight increase in heart rate after
application of 50 and 100 μg/mL suspended dust
particles.17 In our experiments with guinea pig hearts,
we found a significant increase by about 15% after
application of only 8 x109 particles/mL flame soot P90,
corresponding to about 6 μg/mL. This difference of
about 1 order of magnitude may be due to the
different materials and different animal species used.
In any case, the prevalent mechanisms appear to be
functional on the axons or nerve endings per se, since

Figure 6. ECG graphs show ST elevation and AV block after ENPs instillation: (a) control; (b) ST elevation; (c) AV block; (d) AV
block in a prolonged period (extended part from Figure 6c). Typical ECGs are shown.

Figure 7. Increase in intracellular free calcium ([Ca2þ]i)
evoked by P90 and TiO2. Increase in intracellular free
calcium in Neuro2A cells 30 min after the addition of P90
and TiO2 (mean value ( SE; n g 13; /, p < 0.001).
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in the LH the adrenergic nerve endings are separated
from the nerve cell bodies in the spinal ganglia.
This assumption could also be encouraged by the

observation that diesel exhaust particles evoke signifi-
cant ECG changes in guinea pig hearts, that is, AV block.22

In the brain, the same type of particles also induced
changes in EEG of human volunteers.23 Moreover, it has
been shown that ultrafine carbon black particles can
affect the ECG andheart rate in young healthy humans.24

In the case of AV block increased vagal tone would
be an alternative consideration, whereas increased junc-
tional automaticity and interference dissociation is in line
with our hypothesis that catecholamines are released.
It seems therefore quite reasonable to look for a

means to prove any influence of ENPs onto the heart
function. Aswe can see from the above-described results,
the LH model seems to have potential to serve as a test

system. The observed effects can be explained in differ-
ent ways. In the simplest manner the particles affect the
neurons and cause them to release noradrenaline. Sec-
ond, it may be possible that ENPs evoke a release of
endothelin from endothelial cells in the heart, which
enhances the release of noradrenaline from the nerve
endings. Endothelin plays an important role in the central
and peripheral sympathetic nervous system. It can sti-
mulate an increased releaseof catecholamine. It hasbeen
shown that endothelin acts directly at chromaffin cells
existing in the sympathetic nerve and leads to an increase

Figure 8. The Langendorff heart apparatus.

Figure 9. Schemeof an ECG corresponding to the heart parts.

Figure 10. (A) ECG of the guinea pig, (B) ECG of the isolated
heart from the same animal; (C) ECGof a human. Note: Panel
C shows a different time scale.

TABLE 1. Differences between Human and Guinea Pig

ECG Parameters

ECG parameter human guinea pig

heart rate 80 beats/min 240 beats/min
P wave 0.05�0.1 s e0.02 s
PR interval 0.13�0.2 s e0.07 s
QT interval 0.18�0.52 s e0.14 s
QRS duration 0.05�0.1 s e0.03 s
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in intracellular calcium, which in turn results in catecho-
lamine release.25 It is shown, that Endothelin-1 receptors
exist in the sympathic nerve varicosities in guinea pig
heart.26

A further possible mechanism underlying the effect
of ENPs on neurons might be the production of reactive
oxygen species (ROS). It has been shown repeatedly that
ultrafine particulate pollutants induce oxidative stress and
mitochondrial and DNA damage.27�33

Since endothelial cells can be a target and a source for
ROS, interaction between ROS and the endothelium seems
toplayan important role incardiovascularhomeostasis.34�36

On the one hand, ROS can directly affect neurons to
release noradrenaline, and on the other hand ROS can
induce release of endothelin,37 both leading to an
increase in heart rate. The endothelial dysfunction is
another indication for the impact of ENPs on the
cardiovascular system. Studies on a possible interac-
tion of stimulated ROS are currently being performed
but are beyond scope of this contribution.

CONCLUSION

We present the LH as a very promising model to test
the toxicity of ENPs on the heart. Our study provides
experimental evidence that certain nanoengineered
materials modulate the rhythm of the isolated heart.
We demonstrated for the first time that ENPs can exert
direct effects on the heart. These findings support
observations from epidemiological studies that nano-
particle exposure may affect heart rhythm, heart rate
variability,38 and cardiac morbidity. The effects of ENPs
on the heart are probably mediated by alterations of
catecholamine turnover and give rise to the assump-
tion that ENPs could also adversely affect other neu-
ronal functions of the autonomic nervous system.39,40

Our findings on the impact of distinct ENPs on calcium
homeostasis in neurons are a fundamental hint for this.
Other fluoroprobes could be also used to measure
biochemical changes such as pH, oxidative stress,

Figure 11. Particle size distribution. (a) Comparison of unfiltered (red dashed line) and filtered (black solid line) P90 stock
suspensions. (b) Stock solution after filtration (control; black line), after 2 h (red line), and after 6 h (blue line).

TABLE 2. Applied Engineered Nanoparticles

particle type
chemical

composition
specific surface

area manufacturer
diameter
(nm) production process

Aerosil 90 SiO2 90 Degussa, Hanau, Germany 20 continuous flame hydrolysis
Aerosil 200 SiO2 200 Degussa, Hanau, Germany 12 continuous flame hydrolysis
Aerosil 380 SiO2 380 Degussa, Hanau, Germany 7 continuous flame hydrolysis
titanium dioxide (anatas) TiO2 50 Degussa, Hanau, Germany 20 continuous flame hydrolysis
Printex 90 carbon 272 Degussa, Hanau, Germany 14 flame derived soot
lattices polystyrene 70 Duke Scientific Corporation, Palo Alto, California 41 emulsion polymerization
spark discharge generated soot carbon 395 GFG 1000 Palas, Karlsruhe, Germany 120 spark discharge across graphite electrodes
silicon dioxide SiO2 400 Sigma Aldrich, Steinheim, Germany 7 continuous flame hydrolysis

Figure 12. Particle concentration of Printex 90 versusmea-
sured absorption. Linear regression line: y = 8 � 1010 � x;
R2 = 0.9797; n = 6.
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and membrane potential. Using thin glass fibers, fluo-
rescence measurements within the heart would be
feasible.
In contrast to TiO2, P90, SiO2, and spark discharge

generated soot particles; those consisting of flame-
derived SiO2 (Aerosil) and PSL particles had no influ-
ence on heart rate and evoked no arrhythmia. These
differences may depend on different unknown surface
properties (e.g., hydrophilicity). Aerosil and polystyrene
particles are perfectly round-shaped and of high
hydrophobicity.41

Thus, the LH model system is a suitable method to
test new nanomaterials for possible negative impacts on
the cardiac system and to understand their mechanisms
of action. Additional information on the cardiac function

and heart wall motion could be obtained from 3D
ultrasonic tomography. This would allow a continuous
measurement during the cardiac cycle and could detect
local disturbances. In the recirculated perfusion liquid
different substances that are released from the heart can
be determined. Furthermore, the LH enables the possi-
bility to get information about the influence of ENPs on
neurons by analyzing the heart rate.
In conclusion, the LH system is attractive due to easy

handling, sensitivity, and instantaneous response.
Findings correlate well with epidemiological knowl-
edge from air hygiene studies andmay be transferable
to humans. Finally, the heart tissue can be used for
further investigations of gene expression or proteomic
studies evoked by ENPs.

METHODS
Langendorff Heart (LH). The LH is an isolated heart, which is

retrograde perfused via the coronary arteries, and allows one to
study cardiac activity. As a basic principle, two types of LH are
known: the constant pressure and the constant flow LH. For our
experiments we applied Langendorff heart equipment under
constant pressure conditions, using the hydrostatic pressure
between the vessels and the heart, thus simulating the blood
pressure. The constant flow systemmay have the disadvantage
that under reduced flow conditions, evoked by NP, the pressure
will increase in order to keep the flow constant. When the
perfusion pressure becomes too high, cardiac tissue edemamay
develop. In contrast to the well-known system, we therefore
extended the test system by a second vessel (see Figure 8a).

The buffer in vessel A (Figure 8a) is used to wash out the
blood from the heart. The level in vessel A is kept constant using
an optical filling sensor, guiding the refilling pump. After a wash
out period the heart is perfused with buffer from vessel B. After
passing through the heart, this buffer is recirculated to vessel B.
The advantage of the recirculation is that experiments lasting a
long time require only a small amount of the selected particle
material. Moreover, the great advantage is the possibility to
obtain samples for further analysis of substances which were
released from the heart under the influence of ENPs. Further-
more, the solution in the vessels was saturatedwith oxygen, and
the system temperature was kept constant to 37.5 �C.

Animals and Heart Preparation. Wild type guinea pigs of both
sexes (250�350 g body weight) were purchased from Charles
RiverWIGAGmbH (D-97633 Sulzfeld, Germany). All experiments
were conducted in accordance with the guidelines for the use
and care of laboratory animals within the HelmholtzZentrum
München (Germany). Experienced laboratory personnel sacri-
ficed the guinea pigs painlessly by cervical dislocation, and then
immediately42 excised and fixed the heart within the LH
apparatus. Hearts were retrograde perfused at constant pres-
sure (800 mmHg) with Krebs�Henseleit buffer (KHB) of the
following composition (in mM): 115 NaCl, 5.9 KCl, 1.2 CaCl2, 1.2
MgSO4, 25 NaHCO3, 11.1 D(þ)-glucose, 1% bovine serum
albumin (BSA). Oxygenation was performed by bubbling carbo-
gen (95% O2, 5% CO2) through the solution. The pH was set to
7.4, and the temperature was kept at 37.5 �C.

Electrocardiography, Perfusion Rate, and Heart Rate Measurement. A
scheme of an ECG corresponding to the heart parts is shown in
Figure 9. The normal depolarization in the heart begins at the
sinus node (SN) near the top of the atrium. In the EGC the Pwave
represents the wave of depolarization that spreads from the SN
throughout the atria. The following isoelectric period represents
the time in which the impulse is relayed within the atrioven-
tricular node and the bundle of His to the ventricles. The QRS

complex represents the ventricular depolarization. The isoelec-
tric period (ST segment) following the QRS is the time at which
the entire ventricle is depolarized. The ST segment is important
in the diagnosis of ventricular ischemia or hypoxia because
under those conditions, the ST segment can become either
depressed or elevated. The T wave shows the ventricular
repolarization and is longer in duration than the depolarization.

All ECG signals were recorded with an EGM Einthoven,
Goldberger Module, type 701; the perfusate pressure with a
TMA transducer, type 705/1 (Hugo Sachs, D-79232 March-
Hugstetten, Germany). In addition, the perfusion rate was
determined using an optical drop counter. All signals were
digitized with Powerlab 8/30, recorded, and analyzed with the
Powerlab System (ADinstruments,D-74937 Spechbach, Germany).
The heart rate was calculated from digitized ECGs based on
intervals between the Rwaves. To exclude the effect of extra beats
on the heart rate, only Rwaves in a similar timedistancewereused
and extra beats were excluded using the postevent sleep function
of the program.

The heart preparation itself has no influence on the heart
function and the ECG response during the experiments. The
ECG derived from an animal is the same as from the isolated
heart. Using a guinea pig heart the wave shape of the ECG is
similar to the human ECG, however the human heart rate is
lower by about 66% (see Figure 10). ECGs of other rodents have
only a very short ST segment, which is important to detect
changes in electrophysiological properties including impulse
formation, propagation, and repolarization. Other parameters
of the ECG are different from human ECG too (Table 1).

Experimental Time Protocol. The whole time protocol was as
follows. Isolated guinea pig hearts were perfused for 1 h with
KHB (vessel A) to remove blood residues or other contamina-
tions acquired during preparation. However the principal rea-
son is that the heart can restore intracellular energy stores.
During heart preparation it is not perfused for a brief period.
This leads to a depletion of creatine phosphate and ATP and
results in a dimished free-energy of hydrolysis of ATP, activates
glycosis, and causes the accumulation of intracellular lactic acid
and the loss of cellular potassium. Because of the disruption of
the normal cellular energetic process and the accumulation of
these metabolites of ischemia it is important to perfuse the
preparation for a duration of time sufficient to wash-out the
extracellular compartment and restore cellular energy levels.

The perfusion solution was abolished. Afterward the heart
was perfused with KHB from vessel B and the solution was
recirculated for 1 h. During this time heart rate reached a steady
state level. Then the respective ENPs were added to the perfu-
sion solution. After 1 h the particle concentration was doubled
by adding again an adequate amount of ENPs. In control
experiments, hearts were subsequently perfused with KHB
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without ENPs. ECG, temperature, and perfusion rate were
recorded during the entire experiment.

Catecholamine Determination. The catecholamine concentra-
tion in the perfusion solution was determined by HPLC with
coulometric detection according the published procedure of
Smedes et al.43 Determinations were performed by LSM (Labor
für Stressmonitoring, Göttingen, Germany).

In brief, 400 μL of the acidified liquid perfusion sample was
neutralized with 25 μL of 2 M NaOH, and 10 μL of internal
standard DHBA (dihydroxybenzylamine) was added. In a first
step the catecholamines bound to diphenylborate with the diol
group in an alkaline medium (2 M NH4OH/NH4Cl buffer, pH 8.6).
This catecholamine�diphenylborate complex could be quanti-
tatively extracted into 1.2 mL of a mixture of (n-heptane/n-
octanol, v/v 99:1) by an ion-pair formation with tetraoctylam-
monium bromide. In a second step, the ion-pair complex was
decomposed by acidification with 100 mM acetic acid. The
catecholamines could be reextracted and concentrated from
1 mL of the organic extract into 50 μL of acetic acid. A 25 μL
portion of it was injected into the HPLC system. With this
extraction procedure the recovery of the catecholamines nor-
adrenaline, adrenaline, and dopamine was higher than 95%.

Chromatographic separation was achieved on a RP C 18
column (150� 3mm), packed with 3-μmNucleosil (Macherey &
Nagel, Germany), at 35 �C. The citrate-phosphate buffer (pH 4.9;
50mM) contained0.27mMEDTA, 2.5mMoctanesulfonic acid, and
8% (v/v) methanol. The oxidation potential of the electrochemical
detector was set to þ550 mV. The fully automated HPLC system
and the software Chromeleon (Vers. 6.20) was purchased from
Dionex Corp. (Idstein, Germany). All chemicals used were of
analytical purity. Reproducibility was monitored by the analysis
of human plasma control samples (Chromsystems, München,
Germany).

Visualization of Intracellular Free Calcium. To studywhether calcium
is involved in catecholamine release from neurons, which are
stimulated by ENP, we used neuronal cells (Neuro2A, mouse
neuroblastoma, no. ACC 148, DSMZ, Braunschweig, Germany).
Fura-2 was used as ratiometric fluorescent dye (Invitrogen, Darm-
stadt, Germany). Some Fura-2 loaded cells were placed in a
temperature controlled observation chamber (1 mL volume) on
the stage of a ZeissAxiovert 100 inverted fluorescencemicroscope
(Zeiss, Göttingen, Germany) and overflowed with KHB containing
1% BSA. By using miniature 2-way valves it was possible to switch
rapidly between buffer solution and the nanoparticle-containing
solution. Themicroscopewas equippedwith a dichroic mirror 400
DCLP and an emitter band-pass 510/40 (AHF Analysentechnik,
Tübingen, Germany). A TILL-system and TILLvisION software (TILL
Photonics, Gräfelfing, Germany) was used for excitation (340 and
380 nm), data acquisition, and data calculation. For 2D determina-
tion of intracellular free calcium distribution we used a CCD
observation. As a measure for intracellular free calcium, the ratio
of emission intensities at 340 and 380 nm excitation was deter-
mined. With this it was possible to get a reference value and the
time course of the effect of ENPs on the calcium homeostasis over
a longer time period. Each cell served as its own control.

ENP Suspensions. An appropriate amount of ENP samples (see
Table 2) TiO2, SiO2, flame soot Printex P90, spark discharge
generated soot, flame derived SiO2 (Aerosil), and polystyrene
lattices was suspended in 5 mL of KHB containing 1% BSA to
reduce particle agglomeration.

The particle suspension was sonicated twice for 1 min using
an ultrasonic lance to deagglomerate. The suspension was
sequentially filtered through membrane filters of 220 and
100 nm pore size (Millipore MillexGP, Millipore MillexVV) to
eliminate agglomerates larger 100 nm. The particle size was
determined in situ by DLS (dynamic light scattering) using a
Malvern HPPS particle sizer (HPPS, Malvern, Herrenberg,
Germany) (Figure 11a). We controlled the particle suspension
for a few hours for agglomeration and could prove that there
was no agglomeration during 6 h (see Figure 11b).

The used membrane filter retains most of the UFP material.
Therefore we developed a method to determinate the amount
of particles by creating calibration curves using certified mono-
disperse polystyrene lattices (PSL) of defined diameter (Duke
Scientific Corporation, 2463 Faber Place, Palo Alto, California).

A stock solution of UFP was prepared as described above.
An aliquot was taken, the absorption coefficient (at a wave-
length of 380 nm) was measured, and the size distribution was
determined by the particle sizer. Next 40 nm PSL particles were
added until the same light backscattering intensity was ob-
tained. In the Rayleigh area a linear dependence consists
between the logarithm of the intensity of the back scattered
light and the logarithm of the particle size. Using this linearity
we calculated the amount of ENPs by the known added amount
of PSL which reflected the same light intensity.19 The same
procedure was done for other dilutions. Eachmeasurement was
repeated three times and the mean value was calculated. This
procedure was done with three different stock solutions. With
those values a correlation was obtained between absorption
coefficient and particle number concentration. The calibration
curve for Printex 90 particles is shown in Figure 12. For each ENP
a calibration curve was established. Using the calibration curve
it is only necessary to determine the absorption coefficient of
the particle suspension after sonication and filtration and to
dilute it appropriately.

Statistical Analysis. The heart rate was described by a linear
mixed regression model for repeated measurements. On the
basis of this model, differences between various exposures and
control were tested by F-tests for the corresponding contrasts.
P-values less than 0.05 were stated as statistically significant. All
calculations were performed by the software package SAS V9.1
(Cary, NC).
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