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The alveolar lining fluid (ALF) covering the respiratory epithelium of the deep lung is the first biological
barrier encountered by nanoparticles after inhalation. We here report for the first time significant differ-
ences for metal oxide nanoparticles to the binding of surfactant protein A (SP-A), the predominant
protein component of ALF. SP-A is a physiologically most relevant protein and provides important biolog-
ical signals. Also, it is involved in the lung’s immune defence, controlling e.g. particle binding, uptake or
transcytosis by epithelial cells and macrophages. In our study, we could prove different particle–protein
interaction for eight different nanoparticles, whereas particles of the same bulk material revealed differ-
ent adsorption patterns. In contrast to other proteins as bovine serum albumin (BSA), SP-A does not seem
to significantly deagglomerate large agglomerates of particles, indicating different adsorption mecha-
nisms as in the well-investigated model protein BSA. These findings may have important consequences
for biological fate and toxicological effects of inhaled nanomaterials.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

When nanoparticles come into contact with biological systems,
their interactions with proteins is of utmost importance. As it is
known that small particles are taken up in higher amounts than
larger ones, the level of particle uptake into cells could be altered
due to protein coating of particles. Dispersion of nanoparticles in
protein solution can drastically alter the dispersion characteristics,
leading to either increased or decreased particle sizes. We have
previously demonstrated that the addition of fetal calf serum leads
to deagglomeration [1] and hence to smaller particle sizes for some
of the particles tested here. Also, it could be demonstrated by
Ehrenberg and co-workers that particles coated with serum
proteins adsorbed onto endothelial cells in higher amounts as
uncoated ones [2]. Hence, the phenomenon of protein adsorption
onto nanoparticles entering biological systems could lead to
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significant toxicological consequences and must be investigated
thoroughly.

The Dawson group has pioneered structure–property relation-
ships in protein coronas during the last few years using plasma
proteins [3–6]. However, there is general consensus in nanotoxi-
cology that inhalation represents the most relevant route of expo-
sure [7]. In this case, the first biological barrier that inhaled
particles will encounter is the pulmonary surfactant on top of the
alveolar lining fluid (ALF), an ultra thin liquid layer covering the
respiratory epithelium towards the air side. The pulmonary surfac-
tant consists of approximately 90% lipids (mainly phospholipids)
and 10% proteins (so-called surfactant proteins, SP) by weight
[8]. Concerning the interaction between the pulmonary surfactant
and inhaled particles, we assume that especially the four so-called
lung surfactant proteins play a key role. Surfactant protein B and C
are very lipophilic and improve the surface activity of surfactant
phospholipids [9]. The more hydrophilic surfactant proteins A
and D (SP-A, SP-D) belong to the collectins recognizing, binding
and facilitating the clearance of infectious particles from the lung
[10]. As SP-A is the most prominent of the four surfactant proteins
and because of its major role in lung immune defence, a possible
particle interaction with this protein is highly important to under-
stand and to predict further biological responses. The adsorption of
pulmonary surfactant components has already been addressed in
several studies for diesel soot, quartz and kaolin [11] as well as
for gold [12], TiO2 and polystyrene nanoparticles [13,14] but they
predominantly concentrated on the lipid fraction of pulmonary
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surfactant. Also, with the exception of TiO2, quartz and kaolin,
those particles are hardly transferable to materials that are han-
dled at kiloton scale already, such as metal oxide nanoparticles.
Therefore, we decided to study the interaction of metal oxide
nanoparticles with lung surfactant protein A present in porcine
broncheoalveolar lavage fluid (pBALF), as pBALF is a well known
and widely used source for surfactant proteins.

To investigate nanoparticles–protein interactions, microcalori-
metry and surface plasmon resonance technique were introduced
by Cedervall et al. using co-polymer particles as model [15]. How-
ever, we found these techniques not readily transferable to indus-
trially relevant nanomaterials, such as metal oxides, mainly due to
rapid sedimentation. Hence, we adopted the colorimetric bicinchi-
noninic acid protein quantification assay (BCA assay), gel
electrophoresis and immunoblotting to quantify and identify the
interacting proteins.
2. Materials and methods

2.1. Determination of protein adsorption onto metal oxide
nanoparticles via BCA assay

One hundred and forty-eight milligrams of nanoparticles was
dispersed with 2 ml of a 1:10 diluted pBALF solution (leading to
a protein concentration of 7.4 mg/ml; preparation see section
1b), leading to particle–protein ratio of 10:1. The resulting disper-
sions were stirred at room temperature for 1 h at 300 rpm, trans-
ferred into Eppendorf tubes and centrifuged at 23,000g for
45 min at 10 �C in a Hettich Universal 30 RF with rotor E1175.
Afterwards, the supernatants were used for BCA assay as described
in the manual (Bicinchinoninic Acid Kit for Protein Determination,
Sigma, Cat. No. BCA1-1KT). The resulting protein concentrations in
the supernatants were subtracted from the original concentration
and related to the negative control (centrifuged protein solution
without particles).

2.2. Preparation of porcine broncheoalveolar lavage fluid (pBALF)

pBALF preparation was modified after Taeusch et al. [55]. In
short, three porcine lungs, derived from a local butcher and re-
moved in toto, were each filled with about 0.6 l of cold (4 �C) puri-
fied water and gently massaged for about 5 min. We used water
instead of buffer to avoid any influence of salts onto the adsorption
process. Then, the fluid was removed and collected; the fluid of all
lungs was pooled and centrifuged at 1400 rpm for 4 min to remove
cellular residues. The thus obtained volume of about 2 l of pBALF
was frozen at �80 �C until lyophilisation in a Christ Alpha 2-4
LSC lyophilisation device and rediluted in 200 ml of purified water
in order to concentrate the proteins. The protein content was
determined with BCA assay to be 74.03 mg/ml. The content of
SP-A was proven by western blotting and immunostaining, per-
formed as described later, in comparison with literature [17,49]
and a SP-A reference. The pBALF was aliquoted and stored at�80 �C
until use.

The time frame between picking up the lungs and preparation
of the pBALF was about 45 min. During the whole transportation
process, the lungs were cooled on ice to preserve the tissue. After
they arrived in the laboratory, we started pBALF preparation
immediately.

2.3. SDS–PAGE, western blotting and immunostaining

The contents and preparation of all buffers and solutions are
summarized in Table 1. After incubation with the nanoparticles
in a particle–protein relation of 10:1 and centrifugation as
described for BCA assay, the supernatants were removed, the
pellets rinsed three times with purified water and resuspended
with 0.5 ml of purified water. A volume of 0.1 ml of the superna-
tants and pellet dispersions, respectively, was mixed with 0.1 ml
of 2x sample buffer and denatured for 5 min at 95 �C to detach
the proteins from the particles. Then, 20 ll of each sample was ap-
plied to a 12% polyacrylamide gel (4.5 ml of purified water, 2.5 ml
of separating gel buffer, 3 ml of acrylamide solution (Rotiphorese
Gel 40 (29:1), Carl Roth GmbH & Co, Cat. No. A515.1), 0.05 ml of
ammoniumperoxodisulfate (APS; Carl Roth GmbH & Co, at. No.
95923), 0.005 ml of Temed (Carl Roth GmbH & Co, Cat. No.
23673)), covered with a 4% stacking gel (2.5 ml of purified water,
0.95 ml of stacking gel buffer, 0.4 ml of acrylamide solution,
0.0225 ml of APS, 0.0075 ml of Temed) and run, soaked in running
buffer, for 110 min at 100 V in a BioRad MiniProtean II.

The stacking gels were removed and the separating gels covered
with nitrocellulose membranes (Protran BA 85 Nitrocellulose,
Whatman, Cat. No. 10401197), sandwiched in filter paper and
soaked in blotting buffer. After removing air bubbles from the layer
interspaces, the blotting sandwiches were transferred into a Bio-
Rad Mini Trans-blot Cell and tank-blotted in blotting buffer at
300 mA for 90 min. As the protein marker (Spectra Multicolor,
Broad Range Protein Ladder, Fermentas, Cat. No. SM1849) was pre-
stained, there was no need to check the protein transfer by Pon-
ceau staining.

The membranes were blocked for 2 h in blocking buffer and
then they were incubated with rabbit anti-surfactant protein A at
a dilution of 1:2500 in blocking buffer (Anti-Surfactant Protein A,
Millipore, Cat. No. AB 3424) for 2 h under gentle luffing. The blots
were washed three times with TBS buffer for 10 min prior to incu-
bation with alkaline phosphatase–conjugated goat anti-rabbit IgG
(Goat anti-Rabbit IgG, Alkaline Phosphatase Conjugated, Millipore,
Cat. No. AP132A) and diluted 1:5000 in blocking buffer. After
washing three times for 10 min with TBS buffer, the blots were
developed in 10 ml of NBT-BCIP dying solution for several minutes.
Finally, the blots were scanned and saved as .tiff files.

2.4. Agglomeration control by analytical ultracentrifugation (AUC)

The particle size distribution was determined by analytical
ultracentrifugation (AUC) of �500 lL of the test dispersion with a
mass ratio of nanomaterial:BALF proteins = 2:1. This ratio corre-
sponds to around 10 mg/cm2 protein mass concentration per nano-
material surface for the metal oxides, because these have all
similar values of the BET surface. This ratio in the solution was cho-
sen because this situation is close to a particulate contamination,
in the sense that the reservoir of surfactant proteins is not
depleted: Only a small part of the available protein mass has
adsorbed.

Simultaneous detection by synchronized interference optics
(Beckmann, model XLI) quantified the amount and the diameter
of each fraction independently from 1 nm up to several microns
diameter [7,56,57]. We can thus successively quantify in a single
measurement the protein content, the protein molar mass, the
nanomaterial content and the nanomaterial state of agglomeration,
presented as double-logarithmic plot in Fig. 2. When the retrieved
concentration of proteins is less than 100 wt% at the expected mo-
lar mass, we assume that the remaining proteins have adsorbed to
a particulate surface. When the retrieved concentration of nano-
material is less than 100 wt% in the measurement interval, we
assume that the remainder has agglomerated. The evaluation of
the AUC raw data incorporated the fractal morphology of nanopar-
ticle agglomerates and applied the fractional dimension of 2.1 to-
gether with the sedimentation relation as specified in Eq. (6) of
Ref. [58]. This value of the fractional dimension has been shown
to be universal for all reaction-limited colloid agglomerates



Table 1
Buffers and solutions needed for SDS–PAGE, western blotting and immunostaining. This table contains all chemicals used to create the buffers for the performed gel
electrophoresis and immunostaining.

Components Concentration

Stacking gel buffer Tris–HCl (Sigma, T1503) 0.5 M
Sodiumdodecylsulfate (SDS; Serva Electrophoresis GmbH, Cat. No. 20783) 0.4% (w/v)
adjust to pH 6.8

Separation gel buffer Tris–HCl (Sigma, T1503) 1.5 M
SDS (Serva Electrophoresis GmbH, Cat. No. 20783) 0.4% (w/v)
adjust to pH 8.8

2� Sample buffer Tris–HCl (Sigma, T1503) 0.12 M
SDS (Serva Electrophoresis GmbH, Cat. No. 20783) 8% (w/v)
Glycerin (Sigma, G8773) 20% (w/v)
b-Mercaptoethanol (Sigma, M7522) 10% (v/v)
Bromphenol blue (Pharmacia Biotech, plusone, Cat. No. 17-1329-01) 0.1% (w/v)
adjust to pH 6.8

Running buffer Tris (Sigma, T1503) 0.025 M
Glycin (Carl Roth GmbH & Co, Cat. No. 3908.2) 0.192 M
SDS (Serva Electrophoresis GmbH, Cat. No. 20783) 0.1% (w/v)

Blotting buffer Tris–HCl (Sigma, T1503) 0.025 M
Glycin (Carl Roth GmbH & Co, Cat. No. 3908.2) 0.192 M
Methanol (Fisher Scientific, HPLC grade, Cat. No. M/4056/17) 20% (v/v)
pH 8.3

TBS buffer Tris–HCl (Sigma, T1503) 0.02 M
NaCl (Sigma, S5886) 0.15 M
pH 7.5

Blocking solution Low-fat milk (1.5% fat; local dairy) 10% (v/v)
TWEEN 80 (Sigma, P4780) 0.1% (v/v)
in TBS buffer

Buffer for NTB/BCIP dying solution Tris–HCl (Sigma, T1503) 0.1 M
NaCl (Sigma, S5886) 0.1 M
MgCl2 (Sigma, M4880) 0.05 M
pH 9.5

NTB/BCIP dying solution NTB/BCIP stock solution (Roche Diagnostics GmbH, Cat. No. 11681451001) 0.2% (v/v)
in buffer for NTB/BCIP dying solution
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[58,59]. The tabulated material’s constant of refractive index
allows the interference optics to linearly directly quantify the
fraction that is dispersed to diameters below 100 nm in the actual
test preparation, with the full size distributions shown in the inte-
grated table in Fig. 3. The value for the nanodispersed fraction is
regarded as an upper limit, judging from the comparison of size
determination methods with different physical measurement
principles [1].

2.5. Particle properties

To be able to interpret the protein adsorption patterns and to
show the high variability of the particles we were dealing with,
we tried to characterize the nanoparticles we worked with. TEM
images were carried out after dispersion in isopropanol and drying
before use (see Fig. 1).

3. Results and discussion

3.1. Direct and indirect analysis of SP-A adsorption onto metal oxide
nanoparticles

To evaluate the interactions of metal oxide nanoparticles with
the lung surfactant proteins, we stirred the particles into pBALF.
The powder hits an air–liquid interface first, where phospholipids
may be their first encounter, but the natural timescale of wetting
is disturbed by enforced mixing. Although this simplified (but reli-
able) procedure does not exactly mimic the landing of inhaled par-
ticles onto the alveolar lining fluid, it is relevant for the situation
when the particles have sunk into the ALF already and reached
the aqueous subphase.
Protein adsorption on nanoparticles was determined by mea-
suring the protein content in the supernatant (BCA assay) and ex-
pressed as a percentage of the protein content in a similarly
treated pBALF sample without nanoparticles. Clearly, different
particles show a different protein adsorption (see Fig. 2a); BaSO4

and TiO2 A are generally adsorbing much less protein than the
rest of the particles tested. Also, different particles of the same
bulk material reveal different adsorption patterns, as could be
shown for CeO2 A and B compared to CeO2 C and for the two
TiO2 particles.

As SP-A is by far the most abundant of the surfactant proteins
[16–18] and specific antibodies are commercially available, we
decided to focus our further experiments on SP-A. SP-A consists of
eight trimers, each of those trimers including a long triple-helical
collagenous stem, a flexible hinge, a helical bundle connector
and a globular head [19–21]. This globular structure contains car-
bohydrate recognition domains (CRD), and as SP-A is a member of
the collectin protein family, it recognizes and binds carbohydrates
in a Ca2+-dependent process as a part of the immune defence sys-
tem [22,23]. Also, SP-A is able to bind multiple ligands as sugars,
Ca2+ and phospholipids in a cooperative manner [19], allowing
SP-A to bind to the surface of multiple pathogens like bacteria,
viruses and fungi [10], but also associates with pulmonary surfac-
tant membranes via the CRD [24,25].

Prior to adsorption experiments, the presence of SP-A in pBALF
was confirmed by immunoblotting (data not shown). To measure
the binding of SP-A onto the metal oxide nanoparticles, samples
of both the supernatant and the pellet of the previously described
adsorption experiment were each analyzed by SDS–PAGE under
reducing conditions, followed by western blot and immunostain-
ing (Fig. 2b).



200nm

TiO2 B

BaSO4

200nm 500nm

Carbon 
black

200nm

CeO2 C

200nm

AlOOH

CeO2 A

20nm

CeO2 B

50nm

200nm

TiO2 A

Fig. 1. TEM pictures of the different nanoparticles tested for protein adsorption. The particles were dispersed in isopropanol and dried before use.
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TiO2 A and BaSO4 showed relatively low overall protein adsorp-
tion (30% and 5%, resp.), but nevertheless high SP-A interaction as
suggested by a strong SP-A signal in the pellet and a weak (TiO2 A)
or no (BaSO4) signal in the supernatant. Obviously, those particles
are adsorbing SP-A very specifically. For the model protein bovine
serum albumin (BSA), protein adsorption has been reported to be
pH dependent, the maximum being near to the isoelectric point
[26,27]. This, however, might be not transferable to the adsorption
of SP-A onto BaSO4, as the pH of the BaSO4 dispersion of 8.6 differs
from the pI of SP-A of 4.4-5.6. Interestingly, according to the man-
ufactureŕs specifications, both TiO2 A and BaSO4 bear some organic
modifications (Table 2). As pBALF is not Ca2+ free, an ion-mediated
adsorption to the organic groups of the two particles via the CRD
domain of SP-A may be possible, similarly as has been suspected
by Salvador-Morales and co-workers for accidental organic modifi-
cations of carbon nanotubes [28].

AlOOH and CeO2 C show an intermediate overall binding of
pBALF proteins (Fig. 2a). In contrast, binding of SP-A to CeO2 C
was only weak, as indicated by the fact that the strongest signal
was found in the supernatant and the weaker signal in the pellet.
For AlOOH, SP-A was only detected in the pellet, similar as for
BaSO4.

Strongest (�100%) overall protein binding in pBALF was ob-
served with TiO2 B, CeO2 A and B and carbon black. For neither
of those particles, any SP-A signal could be detected in the super-
natant. For TiO2 B and CeO2 B, similar SP-A adsorption to the nano-
particles was observed (intermediate SP-A signal in the pellet).
Only a very weak SP-A signal was found for CeO2 A pellet, whereas
carbon black revealed no SP-A signal at all. The higher the adsorp-
tion of different proteins, the higher is the possibility of protein–
protein interactions, e.g. via hydrogen bonds. As the overall protein
binding for TiO2 B, CeO2 A and B and carbon black is nearly total,
the possibility of not only protein–particle but also protein–protein
interaction is given. If this was the case, the protein–protein inter-
actions should be disturbed by the denaturation and reduction
process prior to the gel electrophoresis, and therefore, a SP-A signal
should be found in the desorbed proteins from the pellet. However,
this is not the case. Instead, SDS–PAGE and Coomassie staining still
shows some protein bands for all particle pellets, except for carbon
black, proving the detachment procedure is working for most pro-
teins (data not shown). Notably, the SP-A signals of the pellets
compared to the supernatants are not correlating for TiO2 B,
CeO2 A and B and carbon black. The reason might be an extremely
strong binding of SP-A to the surface of those types of nanoparti-
cles, even resisting the conditions of the desorption protocol used
in this study. As we stated previously, the globular domains of SP-A
do not only bind to carbohydrates, but also to phospholipids.
Although this interaction is considered superficial, it has hydro-
phobic and polar contributions [19]. As carbon black is very hydro-
phobic, a hydrophobic interaction between carbon black and the
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Fig. 2. Adsorption of proteins from pBALF at a nanoparticle/protein ratio of 10:1. (a) Total protein adsorption (BCA assay): The particles show striking differences, even when
derived from the same bulk material. All values were related to the pBALF-supernatant after nanoparticle separation by centrifugation (mean + standard deviation; n = 3). (b)
Immunoblot of SP-A from supernatant and pelleted nanoparticles after conditioning in pBALF (SP-A monomer: 36 kDa). As control, pBALF 1:10 diluted was used (n = 3).

Table 2
Physico-chemical properties of the nanoparticles tested. This table summarizes the physico-chemical properties of the tested metal oxide nanoparticles. #pH measurements were
taken with 10 mg/ml nanoparticle in purified water.

Sample Chemical composition, crystallinity Mean primary particle size,
morphology

Surface area
[m2/g]

Surface chemistry
[At%]

Organic
modification

pH#

BaSO4 56.5% Ba 41.4 Ba 13 Yes 8.6
38.6% SO4 38 nm irregular but globular S 11
orthorhombic O 52

C 17

AlOOH 82.7% AlOOH; 40 nm, irregular but spherical 47 O 62 None 4.3
impurities: C, Na, Fe, Si, Li, B Al 32

C 7

TiO2 A O 58% 17 nm irregular but spherical 117 O 53 Yes 5.4
Ti 41% Ti 21
Cl > 1% C 25
anatase 95%, rutile 5% Cl 1

TiO2 B >99.5% TiO2 27 nm irregular but globular 52 O 58 None 6.1
rutile and anatase, tetragonal Ti 26

C 14
N 0.5
Cl 1

CeO2 A >99.97% purity 14 nm 63 O 57 None 5.9
cubic, aggregated Ce 25

C 18

CeO2 B >99.97% purity 20 nm, aggregated 44 O 56 None 6.2
Ce 22
C 22

CeO2 C >99% CeO2 70 nm irregular but globular 33 O 53 None 5.9
Cerianite, cubic Ce 26

C 20
Cl 0.6

Carbon black n.d. 16 nm, aggregated 340 n.d. None 5
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globular side of SP-A might be speculated, boosted by the largest
BET surface of all particles tested (340 m2/g). This also adds to
the high affinity of overall protein binding, causing failure of the
desorption protocol and hence empty lanes on the gels for both
supernatant and pellet.

It is known that protein adsorption is depending on the hydro-
phobicity of the particle surface [29–31]. As stated previously, 90
wt% of ALF are (phospho)lipids and we probably washed out this
lipid fraction into our pBALF at least partially. Hence, an indirect
adsorption mechanism, mediated or influenced by those lipids, is
most likely.

Comparing the binding of pBALF proteins and in particular SP-A
to the different nanomaterials in this study, we could observe
striking differences, even for nanoparticles made of the same mate-
rial (e.g. CeO2 A versus B or C; TiO2 A versus B). There was no obvi-
ous correlation with physico-chemical data such as the mean
primary particle size, surface area, etc. (Table 2), which would
allow a prediction of protein binding from such data.

3.2. Investigation of deagglomeration capacity of pBALF

Complementary to protein binding, we also studied the agglom-
eration behaviour of the same particles in pBALF, the second prop-
erty that decides about a nanoparticle’s trafficking in the body.
Analytical ultracentrifugation (AUC) with interference detection
provides a signal that is directly linear with the concentration in
the measurement interval [7]. The ultrafine fraction (below
100 nm diameter) can be quantified. In Fig. 3, the resulting particle
size distributions are shown with logarithmic axes.

Only TiO2 A and BaSO4 are dispersable by stirring in water with
40 wt% and 0.5 wt% ultrafine fraction, respectively. For the more
hydrophobic nanomaterials (carbon black, unfunctionalized metal
oxides), less than 0.01 wt% ultrafine fraction is found in water,
but media with serum or SPs enhance wetting and lower the degree
of agglomeration. The detailed size distributions (Fig. 3) indicate
that agglomeration tendency in pBALF is still significantly stronger
than in fetal calf serum (FCS; Fig. 3), which is widely used in cell cul-
ture media. Several studies have hinted at the dispersing power of
albumin and other interface-active serum components on CNTs
[32–34], metal carbide nanoparticles [35,36] and metal oxide nano-
particles[1,35–38]. For mouse BALF, the degree of agglomeration of
metal oxide nanoparticles was reported to be comparable with a
buffer containing BSA and dipalmitoyl phosphatidyl choline [39]
and in a BAL-mimicking dispersion medium [40], but only after
10 min. ultrasonication. Obviously, the anticipated interface activ-
ity of SPs is in general not sufficiently strong to overcome the
agglomeration or flocculation tendency due to other components
in complete pBALF. This result is in good agreement with histolog-
Fig. 3. Full particle size distribution of nanoparticles in diluted pBALF from interfere
concentrations within the shown size interval as well as the resultant ultra fine fraction
ical studies of lung slices after inhalation exposure of rodents,
where the particulate material that was deposited on the lung sur-
face is found in the form of agglomerates [41]. As one function of SP-
A is the aggregation of bacteria via its CRD [22], this behaviour is lo-
gic and points to different adsorption mechanisms compared to
BSA.

After inhalation and deposition in the deep lung, i.e. ALF, parti-
cles with a diameter of 1–6 lm are wetted and sink into the aque-
ous phase [42], whereas this mechanism is independent of shape,
surface topography and surface free energy [43–46]. This process
becomes even more efficient with decreasing particle size, and this
is expected to occur with nanoparticles, too [47]. As SP-A is inte-
grated into the lipid structure of pulmonary surfactant, the tested
nanoparticles most likely come in contact with SP-A in vivo.

Our results clearly show that there are specific differences in
the binding and interaction of metal oxide nanoparticles with
SP-A. A major biological role of SP-A is to bind to inhaled particu-
late matter (e.g. microorganisms, dust) to enhance their phagocytic
clearance by macrophages [28,48,49]. In this way, SP-A plays an
important role in limiting pulmonary infection, lung allergy and
inflammation [50]. On the one hand, the binding pattern of SP-A
and other lung surfactant proteins may be decisive whether
inhaled particles will be phagocytosed by macrophages and hence
cleared from the deep lung to the airways. Although Geiser and
colleagues found that lung surface macrophages do not efficiently
phagocytose these ultrafines but take them up in a rather sporadic
and unspecific way [51], most of our particles were highly agglom-
erated and thus still large enough for this clearance pathway.

On the other hand, uptake and hence translocation of particles
might be facilitated, as Type II cells, which cover the majority of
the alveolar region, have SP-A receptors that cause phospholipid
uptake [52]. Nanoparticles could be taken up ‘‘accidentally’’ via this
surfactant trafficking. This theory is supported by data from in vivo
experiments that also indicate nanoparticle uptake into epithelia of
the respiratory tract via transcytosis and translocation into the
lymphatic system or the blood stream [53].

In another way, the interaction of SP-A with inhaled metal oxide
nanoparticles could be important, as a relative SP-A deficiency
could occur due to its accumulation onto particles. SP-A knockout
mice are less effective in clearing lung pathogens, and therefore,
these mice are more susceptible to lung infection. SP-A-deficient
animals also present decreased phagocytosis and oxidant metabo-
lism in response to instilled Group B streptococci [54]. There are
even a few publications indicating disease correlation with
lowered levels of SP-A in humans. These include association of
lowered SP-A levels with asthma and allergen-induced bronchial
inflammation [22,23]. Obviously, there are strong reasons to as-
sume that the binding to SP-A, and probably other lung surfactant
Fraction of particles
< 100 nm [wt%]

particle pBALF FCS

BaSO4 6 10.4

AlOOH 0.7 1.2

TiO2 A 30 38

TiO2 B 0.07 0.05

CeO2 A 0.1 12.9

CeO2 B 0.2 13

CeO2 C 1.9 0.12

Carbon Black 0.05 0.07

nce AUC. The tables show the initial weight ratio and the protein and particle
of the particle suspension.
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proteins as well, can alter the toxicological properties of particulate
matter, such as metal oxide nanoparticles, reaching the deep lung
after inhalation drastically.

Strikingly, only the two particles that were organically function-
alized with synthetic polymers (BaSO4 powder and TiO2 A) did not
almost completely agglomerate after pBALF exposure. These are
the same particles that differentiated by low overall protein
adsorption, but strong SP-A interaction (see Fig. 2b). This points
again to the decisive role of the surface chemistry in nanotoxicol-
ogy and opens routes to control the fate of nanomaterials in the
lung.
4. Conclusions

In this study, for the first time, differences in the interaction of
industrially relevant metal oxide nanoparticles with physiologi-
cally relevant lung surfactant protein A were demonstrated.
Attempts to correlate the adsorption patterns of SP-A with those
of commonly used model proteins (e.g. BSA) failed, underscoring
the need to apply sufficiently specific and sensitive analytical
methods. In the future, further adsorption experiments with all
four surfactant proteins must be performed to find out more about
the structure activity relations between particles and their binding
of lung surfactant proteins. Also, the effects of lung surfactant
protein adsorption onto particles and their biological properties,
in particular alveolar clearance by macrophages and translocation
across the alveolar epithelium, must be investigated.
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