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E
ngineered nanomaterials with novel
properties are one of the century's
key technologies, offering extraordin-

ary opportunities for various technical
applications such as electronics, energy man-
agement, construction, and information
technology, but also in pharmacy and med-
icine. Because the miniaturization of mate-
rials into the nanosize range may dramati-
cally changephysical and chemical properties,
nanomaterials will obviously also interact in
a different way with biological systems. In
particular the adsorption of proteins is
considered as a key issue regarding the
safety of nanomaterials for environment
and health.1,2

While after inhalation or ingestion only a
relatively small fraction (1% or less) may
translocate into the bloodstream,3 there is
a risk of agglomeration due to the bioper-
sistence of most engineered nanomaterials.
The biodistribution of nanomaterials is likely
to strongly depend on adsorption of pro-
teins occurring in the various body com-
partments and liquids. Xia et al. developed a
model for the adsorption of small molecules
to nanoparticles, when specific characteris-
tics of the particle and adsorbent are given.4

The Dawson group has pioneered structure�
property relationships in protein coronas
during the past few years,5�9 and the bio-
physics of adsorbed proteins has been re-
viewed recently.10 The majority of the few
studies onmetal oxides found adsorption of
albumin (in serum) or humic acid (in soil),
ensuing increased dispersibility.10,11 Ceder-
vall et al. investigated the complete protein
corona of serum albumin and quantified
human serum albumin and fibrinogen on
polymeric nanoparticles using methods
such as microcalorimetry and surface
plasmon resonance.12 Recently, Rocker et al.

studied the adsorption of albumin in great-
er detail, including on/off rates, adsorp-
tion affinity, and monolayer saturation on
polymer-coated FePt and CdSe/ZnS nano-
particles, using fluorescence correlation
spectroscopy.13

The application of standard methods for
measuring protein adsorption phenomena
such as microcalorimetry, surface plasmon
resonance, or ultrasound resonator technol-
ogy was found to be difficult formetal oxide
particles, as we observed rapid sedimentation
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ABSTRACT Upon contact with the human

body, nanomaterials are known to interact with

the physiological surroundings, especially with

proteins. In this context, we explored analytical

methods to provide biologically relevant infor-

mation, in particular for manufactured nanoma-

terials as produced by the chemical industry. For this purpose, we selected two batches of SiO2
nanoparticles as well as four batches of CeO2 nanoparticles, each of comparably high chemical

purity and similar physicochemical properties. Adsorption of serum proteins and bovine serum

albumin (BSA) was quantified by SDS-PAGE in combination with densitometry and further

investigated by atomic force microscopy (AFM) and analytical ultracentrifugation (AUC). The

protein adsorption to SiO2 nanoparticles was below the limit of detection, regardless of

adjusting pH or osmolality to physiological conditions. In contrast, the four CeO2 nanomaterials

could be classified in two groups according to half-maximal protein adsorption. Measuring the

work of adhesion and indention by AFM for the BSA-binding CeO2 nanomaterials revealed the

same classification, pointing to alterations in shape of the adsorbed protein. The same trend

was also reflected in the agglomeration behavior/dispersibility of the four CeO2 nanomaterials

as revealed by AUC. We conclude that even small differences in physicochemical particle

properties may nevertheless lead to differences in protein adsorption, possibly implicating a

different disposition and other biological responses in the human body. Advanced analytical

methods such as AFM and AUC may provide valuable additional information in this context.

KEYWORDS: SiO2 nanoparticles . CeO2 nanoparticles . bovine serum albumin .
work of adhesion . surface free energy . SDS-PAGE . agglomeration . force
distance curves
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and were facing irreversible contamination of the
equipment. Fluorescence correlation spectroscopy
would require fluorescence properties of the particles,
which is usually not the case for such materials. Thus, it
appears that all these methods are not easily transfer-
able to industrially relevant nanomaterials. Instead, we
decided to explore biochemical methods such as SDS-
PAGE, Coomassie staining, and densitometry in com-
bination with atomic force microscopy (AFM) and
analytical ultracentrifugation (AUC).
Recently, Tenzer and colleagues performed a pro-

teomic approach on amorphous silica nanoparticles
after incubation in serum, finding quantitative differ-
ences of the protein corona depending on the particle
size.14 Monopoli and co-workers compared the hard
corona of sulfonated polystyrene particles to that of
silica particles and found that the protein concentra-
tion can significantly influence the protein decoration.8

Still, those studies were performed with well-defined
model particles. For our work we chose two batches of
SiO2 nanoparticles (Levasil 50 and 200, AkzoNobel
Chemcals GmbH, Düren, Germany), which are sold as
a bulk product for the stabilization of paints and
lacquers and as an additive in plaster and concrete.
As a second industrially relevant nanomaterial we

chose four batches of CeO2 nanoparticles, which are
marketed as oxidative catalysts for self-cleaning sur-
faces in ovens,15 as catalytic diesel fuel additives,16 and
as an abrasive for chemical-mechanical polishing in
electronic chip wafer production. The effect of CeO2

particles from, for example, diesel fuel or from abrasion
of coatings exposed to the environment was recently
analyzed by van Hoecke et al.2 They investigated three
different sizes (14, 20, and 29 nm) of CeO2 particles
in different aquatic toxicity tests. The differences in
toxicity could not be explained by a direct effect of
dissolved Ce ions or CeO2 NP uptake or by physical
effects such as light restriction. Additionally they found
that the particle properties;especially the higher sur-
face area of smaller particles;have an influence on the
toxicity of CeO2NPs. Substrates for these investigations
were three batches of cerium dioxide nanoparticles
(CeO2 A�C), each prepared industrially by flame
pyrolysis.17 An additional batch of highly pure nano-
particle (CeO2 D), prepared by wet precipitation, was
included as reference material.18

RESULTS

Physicochemical Characterization of Particles. Intrinsic
properties of the materials are essential to interpret
the protein adsorption patterns in protein-containing
suspension. Such intrinsic physicochemical properties
of the investigated particles are summarized in Table 1
and Figures 1 and 2.

The two SiO2 nanoparticles are amorphous and
uniformly round in shape (see Figure 1). The nomen-
clature of Levasil 50 and 200 is derived from the BET T
A
B
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surface of these two nanomaterials, the mean TEM
diameter being approximately 91 and 27 nm, respec-
tively, and both batches were received as aqueous
dispersions of single particles without agglomeration.
The surface of the particles is very clean; only marginal
organic impurities can be found on the surface (from
secondary ion mass spectrometry (SIMS)). A clean sur-
face and well-defined particle shape and size distribu-
tions would facilitate the interpretation of protein
adsorption data. Since adsorption processes should
be governed by surface energy and polarity, we per-
formed inverse gas chromatography, which reveals a
highly polar surface, as the specific surface interaction

with the polar solvent acetonitrile was very high (see
Table 1). Determination of the contact angles was not
possible due to these extremely polar surfaces, such
that the particles could not be fixed on any suitable
substrate (data not shown). The zeta potential
with �58 mV for SiO2 50 and �49 mV for SiO2 200 is
highly negative, and the pH of the aqueous dispersion
with values of 8.9�9.5 is slightly alkaline.

The formulations of CeO2 A to D tend to form
aggregates, as can be seen in Figure 2. TEM images
show square-cut crystalline particles for all CeO2 A to C,
but CeO2 D reveals a more amorphous structure and
smaller primary particle sizes (TEM diameter, see

Figure 1. TEM images of (a) SiO2 50; (b) SiO2 200 (50.000� magnification (300.000 V)).

Figure 2. TEM images of (a) CeO2 A particles; (b) CeO2 B particles; (c) CeO2 C particles; (d) CeO2 D particles (50.000�
magnification (300.000 V)).
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Table 1). The particle surfaces were indistinguishable
within the error margins, except that CeO2 C showed
additional Cl and Li (from X-ray photoelectron spec-
troscopy (XPS) and SIMS) and that the CeO2 D particle
surface is much less contaminated with organic
material than the other three particles.

For CeO2 A to D, we compared contact angles of a
thin planarized powder film with drops of water, for-
mamide, and diiodomethane. The drops were imaged
onto a charge-coupled device (CCD), and contact
angles were extracted by standardized software. After
Owens�Wendt evaluation, all samples are hydro-
philic, with total surface energies of 72.5, 71.0, 69.1,
and >73.5 mN/m for CeO2 A, B, C, and D, respectively.
The dispersed part of the surface energy (related to
unspecific van der Waals interactions) is lowest for
CeO2 C, with 40.6 mN/m, versus 41.1, 42.3, and 42.2
mN/m for CeO2 A, B, and D.

The sizes of the different CeO2 particles measured
with dynamic light scattering (DLS) are practically uni-
form, ranging from163.4 nm for CeO2D to 189.2 nm for
CeO2 B. The zeta potentials of all particles are positive
in the range 29 to 41 mV and comparable to the
manufacturer's reference data (data not shown). The
pH of the particle dispersions in double-distilled water
varied between 5.5 and 6.2.

Quantification of Protein Adsorption. The amount of
particle-bound protein was calculated from the protein
fraction remaining in the supernatant after incubation
and removal of particles and adsorbed corona by
centrifugation. The nonadsorbed protein fraction in
the supernatant was quantified (a) densitometrically
after SDS-PAGE and Coomassie staining and (b) by
mass-selective detection of bovine serum albumin
(BSA) (AUC).

a. SDS-PAGE. Dispersion of SiO2 50 and SiO2 200 in
BSA solution did not lead to any detectable protein
adsorption. Also, no BSA adsorption occurred after
incubation of SiO2 50 and SiO2 200 in FCS (fetal calf
serum). (For details, see Supporting Information, Figures
S1�S3.) Neither an adjustment to a pH of 6 nor
dispersion of the particles in physiological phosphate

buffered saline (PBS) increased the BSA adsorption to
detectable amounts. Thus there were no data that
would have allowed calculating protein binding behav-
ior from adsorption isotherms for the SiO2 nanoparticles.

In contrast, significant protein adsorption was mea-
sured for the CeO2 particles. Plotting the amount of
adsorbed protein from densitometry data of super-
natants against the nanoparticle�protein ratio led to a
sigmoid pattern for all CeO2 particles tested (see Figure 3).
As it appears, two classes of similar protein adsorp-
tion behavior can be distinguished for the four parti-
cles: For both BSA and FCS, CeO2 A and B show very
similar if not identical adsorption isotherms. Vice versa,
the isothermes of CeO2 C and D are relatively similar to
each other as well, clearly different from those of CeO2

A and B. The strikingly similar protein adsorption
behavior of CeO2 A and B is also reflected very well
by the half-maximum adsorption values and Hill slopes
for both proteins, respectively. In the case of CeO2 C
and D at least one of the two parameters (Hill slope for
BSA, half-max adsorption for FCS) shows similar values
(see Table 2).

b. Mass Selective Detection of BSA by Analytical

Ultracentrifugation. AUC measurements were per-
formed with FCS solution, but only the mass-selected
fractions of 60�80 kDa and 100�140 kDa (assumed to
represent BSA) were quantified and fitted to a sigmoi-
dal model. Thismethod confirmed the results obtained
with SDS-PAGE: The BSA signal in the presence of SiO2

50 and 200 was not reduced compared to the control
experiment without particles, also supporting that BSA
was obviously not adsorbed. In contrast, a clear reduc-
tion of the BSA peak could be seen in the presence of
the tested CeO2 particles. For CeO2 A and CeO2 B, the
Hill slopes from FCS solution (by AUC; data not shown)
agree excellently with the adsorbed BSA from FCS
solution (determined by densitometry). Significantly
fewer nanoparticles are required to deplete BSA from
BSA solution than for FCS, since the adsorption isotherm
is shifted to roughly 60% lower nanoparticle/protein
values. Comparing half-maximal adsorption from BSA
to that from FCS solution, a similar trend is seen.

Figure 3. Adsorption isotherms for CeO2 A�D (squares: CeO2 A, circles: CeO2 B, triangles: CeO2 C, �'s: CeO2 D), determined
with densitometry for (a) BSA or (b) total FCS protein. CeO2 A and B reveal similar adsorption patterns (especially for FCS),
while CeO2 C shows an adsorption pattern more similar to CeO2 D (especially for BSA).
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State of Agglomeration with Analytical Ultracentrifugation.
The interaction between colloids, and hence their
tendency to agglomerate, may be reasonably assumed
to be governed by their surface properties, including
the spontaneous change of surface properties due to
protein adsorption. We characterized the state of
agglomeration in FCS by AUC with interference detec-
tion. Since the signal height is directly linear with the
concentration in the measurement interval, the dis-
persed fraction (below 1 μm diameter) can be quanti-
fied (see Table 2). In Figure 4, the resulting particle size
distributions are shown with logarithmic axes. SiO2 50
and SiO2 200 are very well dispersed in FCS solution, as
the fraction <1 μm is 95( 5wt%. For CeO2 A and CeO2

B in the presence of serum, around 25wt% is dispersed
for both, whereas CeO2 C agglomerated more strongly
with dispersibility below 10 wt %. Compared to CeO2 A
or B, CeO2 C has 2 orders of magnitude fewer particles

dispersed to 100 nm diameter or below. The smaller
primary particle size of CeO2 D is reflected in the small
diameters also for its agglomerates, but the total
dispersibility is as low as for CeO2 C. The two-peaked
signal below 10 nmdiameter is attributed to the serum
proteins. The peaks can be converted from diameters
to molar masses, giving 65 and 120 kDa, in excellent
agreement with BSA monomer and dimer. Again, the
signal of the proteins is integrated and divided by the
known protein refractive index increment dn/dc =
0.18 cm3/g to provide an independent measurement
of the actual concentration of the protein fraction that
is not adsorbed on particles (see Table 2).

AFM Force�Distance Measurements between Proteins and
Particles. Multiple preparations of adhesion force
curves can be summarized as frequency distribution
patterns (see Figure 5). Measuring adhesion with an
unmodified AFM tip clearly reveals similar properties in
a normal adhesion force distribution for all CeO2 NPs
(see Figure 5). The same experiments with covalently
attached BSA at the apex of the tip reveals an increase
of 24% (up to3.9 nN) for CeO2Aandof 12% (up to3.6 nN)
for CeO2 B and lower interactions for CeO2 C (�21%;
down to 2.94 nN) and CeO2 D (�37%; down to 3.32 nN).

The results of adhesion measurements of each
CeO2 formulation are summarized in Table 2. The
calculated indention depths for CeO2 A and CeO2 B
particles were lower after BSAmodification. In contrast
the indention depth of CeO2 C and CeO2 D increases.

The work of adhesion and surface free energy for
the formulations using unmodified tips show an in-
creasing order of the different particles. With unmodi-
fied tips CeO2 D has the highest Wadh and CeO2 A the
lowest Wadh. BSA modification increased the Wadh for
CeO2 A and CeO2 B; in contrast there is a major
decrease for CeO2 C and CeO2 D particles.

Figure 4. Size distribution of the SiO2 particles (dotted
lines) and CeO2 particles (solid lines) after dispersion in
FCS solution by AUC (particle�protein ratio of 1:1). The
signal at 3�7 nm corresponds to the sizes of the BSA
monomer and dimer, respectively. Clearly, the CeO2, but
not the SiO2 particles deplete the free BSA.

TABLE 2. Summary of the Results Obtained with Atomic Force Spectroscopy, Densitometry after SDS-PAGE, and

Analytical Ultracentrifugation for CeO2 A to D

CeO2 A CeO2 B CeO2 C CeO2 D

AFM measurements change of indention after BSA modificationa �10% �12% þ10% þ26%
change of force of adhesion after BSA modificationa þ24% þ12% �21% �37%
work of adhesion [mJ m�2]a 187 (þ36) 172 (þ18) 140 (�37) 158 (�95)
surface free energy [mJ m�2]a 209 (þ73) 176 (þ35) 117 (�69) 149 (�232)

densitometry after SDS-PAGE half-max adsorption of BSA ( SD [g/g]b 0.86 ( 0.33 2.06 ( 0.26 0.74 ( 0.52 1.14 ( 0.51
hill slope p for BSA adsorptionb 1.06 ( 0.37 1.82 ( 0.27 0.58 ( 0.23 0.45 ( 0.1
half-max adsorption of FCS ( SD [g/g]b 1.76 ( 0.27 1.73 ( 0.26 4.55 ( 0.29 5.85 ( 1.96
hill slope p for FCS adsorptionb 2.07 ( 0.44 2.02 ( 0.42 7.12 ( 4.92 1 ( 0.4

AUC (BSA quantification) half-max adsorption of BSA from FCS (AUC) ( SD [g/g] 6.3 ( 0.4 10 ( 3.8 2.5 ( 0.8 n.d.e

hill slope p for BSA adsorption from FCSc 2.23 ( 0.27 1.98 ( 0.93 1.58 ( 0.82 n.d.
AUC (size distribution) dispersibility (fraction <1 μm) [wt %]d 24 ( 3 26 ( 3 9 ( 2 8 ( 2

a Atomic force measurements: change in the adhesion forces and indention are given for the measurements with the BSA-modified tip in comparison to unmodified tip; work of
adhesion and surface free energy were obtained with the BSA-modified tip; change to the unmodified tip given in brackets. (Analysis of the significance was evaluated for all
force curves with one-way ANOVA. For all formulations p < 0.001.) bMass ratio at half-max were obtained by sigmoidal fitting of the data derived from densitometry (see
Figure 3). As these values correspond to particle�protein ratios, a high value means low particle�protein interaction (R2 > 0.97 for all particles tested). c Data were obtained
by quantification and fitting of the BSA signal only from dispersion of the particles in complex FCS solution with AUC. d Obtained frommass-linear interference signal in AUC size
distribution in FCS solution (see Figure 4). e n.d. = not determined.
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DISCUSSION

Generally, different particle characteristics are known
to determine protein (e.g., BSA) adsorption onto nano-
particles, and in particular hydrophobic interactions
tend to be the dominating feature.19�21 Also, electro-
static interactions can play a role,22�25 and there is
strong evidence that the size of the particle may be
another factor influencing protein adsorption.12,14

Clearly, not all proteins show the same adsorption
patterns. Conditioning of different particles with com-
plex protein mixtures, e.g., blood serum, leads to differ-
ent adsorption patterns for the protein fractions.7,14,26,27

There are some mathematic models to fit protein
adsorption data, which, however, require rather well-
defined conditions: BSA adsorption onto chitosan-
coated magnetic nanoparticles could be fitted to

Figure 5. Frequency distribution of the adhesion values in the AFM force�distance curves: values obtained with (a)
unmodified tip on CeO2 A (n = 969), Fadh = 3.17 nN (w = 2.9); (b) BSA-modified tip on CeO2 A (n = 972), Fadh = 3.93 nN (w =
3.2); (c) unmodified tip on CeO2 B (n = 1251), Fadh = 3.23 nN (w = 3.1); (d) BSA-modified tip on CeO2 B (n = 1240), Fadh =3.61 nN
(w = 3.6); (e) unmodified tip on CeO2 C (n = 832), Fadh = 3.71 nN (w = 3.4); (f) BSA-modified tip on CeO2 C (n = 1283), Fadh = 2.94
nN (w = 3.6); (g) unmodified tip on CeO2 D (n= 1071), Fadh = 5.30 nN (w= 5.3); and (h) BSA-modified tip on CeO2 Dparticles (n=
1329), Fadh = 3.32 nN (w = 3.6). (The mode of Fadh was calculated from the Gauss fit of the curves.)
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Langmuir isotherms and hence quantified in terms of
not only overall protein adsorption but also protein
affinity.23 The complexity of the subject is reflected by
thework of Xia et al.: They used 28markermolecules to
predict the adsorption of small molecules such as
testosterone.4 This illustrates the need for new meth-
ods for the investigation of protein adsorption, as
proteins are even much more complex. In this context,
we interpret the protein adsorption data obtainedwith
SiO2 and CeO2 nanoparticles.
There are several studies reporting protein adsorp-

tion onto SiO2 nanoparticles: Walczyk and co-workers
measured the protein corona after incubation in serum
with differential centrifugal sedimentation and TEM.9

Tenzer and colleagues even reported a complete
proteomic approach of the particle corona of amor-
phous silica particles after incubation in serum.14 In
contrast to these reports, we could not find any protein
adsorption above the detection limit for SiO2 50 and
200 by neither SDS-PAGE nor AUC. The SiO2 nano-
materials used in this study (Levasil 50 and 200,
respectively) are stabilized by small amounts of alka-
line, resulting in a negative charge of the nanoparticles
and a slightly alkaline pH when dispersed in water (see
Table 1). Neither lowering the pH of the aqueous
particle dispersion to 6 nor dispersion in physiological
phosphate buffered saline increased the BSA adsorp-
tion to detectable amounts (see Supporting Informa-
tion, Figures S1�S3). Almost no binding of BSA to the
surface of untreated silica nanoparticles was reported
before by Rezwan et al.28 even after 16 h of incubation
at pH 7. The reason for the observed lack of protein
binding in some of these studies remains to be further
resolved. At this stage, we can only speculate that
perhaps electrostatic repulsion between both the
negatively charged protein and nanoparticle surface
might be responsible. A phenomenological protein
adsorption model taking into account the complex
interfacial interactions at charged surfaces has recently
been described byHartvig et al.29 The fact that proteins
under competitive binding conditions bind differen-
tially, based on affinities as well as there being protein
concentration effects, adds additional complexity to
this phenomenon.8

For CeO2 particles, different nanoparticle�protein
relations lead to different amounts of adsorbed pro-
tein: In spite of apparently similar physicochemical
properties the protein interactions of the four CeO2

nanoparticles show striking differences. Table 1 reveals
that all four batches of CeO2 particles are in a similar
range regarding hydrodynamic diameter, zeta poten-
tial, and pH. XPS measurements revealed only minimal
differences in surface chemistry for all particles tested.
However, contact angle, time-of-flight secondary ion
mass spectrometry (TOF-SIMS), and X-ray diffraction
(XRD) revealed differences for CeO2 D, as its surface
energy was higher; the surface contained much fewer

organic impurities and partially revealed an amor-
phous structure, which was confirmed by TEM pictures
(see Figure 2). Those differencesmight be explained by
the different preparation techniques for CeO2 A to C
(flame pyrolysis)17 and CeO2 D (precipitation).18

In general, AFM force measurements can be used to
confirm high affinity to surfaces, which often corre-
sponds to strong interactions between protein and the
respective particle surface. As such measurements are
always conducted under forced conditions (tip is
pressed to the particle surface and the protein forced
to interact with the surface), they aremeaningful only if
protein surface interactions also occur without addi-
tional forces. As no protein adsorption was found for
the SiO2 nanomaterials from aqueous solutions, we
refrained from performing AFM force measurements
with such particles.
Although the physicochemical properties of CeO2 A

to C are relatively similar, but different from those of
CeO2 D, the frequency distributions of the adhesion
measurements showed differences among the four
batches. The adhesion forces between a silicon tip
with a 2�4 nm thick SiO layer and CeO2 A NP increase
by modifying the tip with BSA. Similar results with the
AFM force measurements were obtained for CeO2

B particles. For CeO2 C and D the adhesion forces
decrease after tipmodification. This leads to the assump-
tion that CeO2 A and B have a higher affinity to BSA
than to the unmodified AFM tip. Although CeO2 C and
D differ in some of their physicochemical properties,
they show an inverse behavior: the affinity to the
unmodified tip seems to be higher than to BSA.
It is known that proteins are flexible and that albu-

min changes its conformation on a surface in order to
minimize interface energy. Gao et al. described a
conformational changing of BSA molecules from
R-helix to the more space requiring β-sheets.30 These
possible changes in the conformation of the structure
of the adsorbed proteins can explain the different
indention values of CeO2 C and D: The indention
increases for the BSA-modified tip for CeO2 C com-
pared to the indention with an unmodified cantilever,
while all absolute indention values are lower than the
BSA hydrodynamic diameter of 4.5 nm (data not
shown). It seems that BSA adsorbs in a more stretched
configuration on CeO2 A and CeO2 B, but stays more
extended on CeO2 C and D. This points to a lower
affinity of BSA on CeO2 C and D, which is in good
correlation to the decrease in the adhesion forces.
Comparing these results with the data from the

analytical ultracentrifugation, we obtain similar results.
At a 1:1 ratio of nanoparticles and proteins, the
agglomerate diameter distributions of CeO2 A and
CeO2 B are identical except for an insignificant shift
in diameter. The tendency to agglomerate ismoderate,
with more than 10 wt % of the particles dispersed
below 100 nm diameter. We attribute this low level of
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agglomeration to the presence of adsorbed proteins
acting as protection colloids in steric stabilization. In
contrast, CeO2 C and CeO2 D are characterized by a
factor 2.5 lower dispersibility and vanishing fractions
below 100 nm. Despite their significantly different
primary particle size, both nanomaterials show a similar
state of agglomeration, which we interpret to be a result
of the lack or ineffectiveness of a stabilizing corona.
For BSA adsorption from BSA solution, all four

nanomaterials showed adsorption isotherms with Hill
slopes in a range of 0.5 to 1.8, detected by densitometry.
This points to a noncooperative binding process;
that is, already adsorbed protein does not facilitate
further protein adsorption. As CeO2 C and D revealed
much smaller Hill slopes than CeO2 A and B do, this is a
further indicator for different adsorption behavior
between the two groups, but high similarity among
the groups.
Our data could not be fitted to Langmuir isotherms,

but fitting to a sigmoidal model was successful, simi-
larly as proposed previously by Röcker et al. for protein
adsorption data derived from fluorescence correlation
spectroscopy.13 We believe this is due to the correla-
tion between the level of agglomeration and the
protein concentration: The particulate surface that is
available for adsorption is not independent of the
protein concentration, as proteins can improve disper-
sion of the particles, which leads to smaller particle
sizes (deagglomeration) and hence to a larger surface
available for protein adsorption.31 In well-defined col-
loidal systems, such as stable polymer particle disper-
sions with uniform particle sizes, this effect does not
occur. Also, our adsorption patterns are derived from a
mixed influence of electrostatic and hydrophobic in-
teractions (andmaybe from different curvatures due to
irregular particle shapes). Protein adsorption does not
necessarily occur directly to the particle, but can also
bemediated by other substances. Here, the adsorption
of the 96% pure BSA seemed not to be mediated by
impurities of the purchased protein but was a direct
particle�protein interaction, as there was no signifi-
cant difference in adsorption compared to highly pure
BSA (data not shown). Also, the adsorption of proteins

can be facilitated by already adsorbed proteins
(cooperative binding) and can even be replaced by
them later on.8 The Hill slopes for the adsorption data
of FCS (densitometry), being much larger than those
for BSA in the case of all four nanomaterials, suggest
such cooperative binding to occur for BSA when
adsorbed from FCS solution. As albumin adsorbs on
the surface of nanoparticles in a single layer,13 one
might speculate that the adsorption of other FCS
proteins partially blocks the surface of the particles,
leading to a faster, but overall lower mass of BSA
adsorption.

CONCLUSION

Starting only with the intention to determine struc-
ture�effect relationships of nanomaterials by a variety
of established physicochemical methods (e.g., XRD,
XPS, SIMS, BET surface, particle size, zeta potential),
we must conclude that these are not sufficient to
predict the adsorption of proteins and thus the result-
ing biological fate and effects of nanomaterials. For
some industrially relevant SiO2 nanomaterials no pro-
tein binding could be quantified within the detection
limit, while for the CeO2 nanomaterials protein binding
was very prominent. For all four batches of the same
material (CeO2), showing at most minimal differences
in their physicochemical surface characteristics, con-
siderable variations in the adsorption of serum pro-
teins (using albumin as marker) were nevertheless
observed. These differences in protein binding could
not be explained by the intrinsic physicochemical
material characteristics alone. As we could show,
among the various contemporary biophysicalmethods
in particular AFM, AUC, and SDS-PAGE in combination
with densitometry are powerful tools to characterize
protein adsorption to nanomaterials. To understand
and predict the biological properties of nanomaterials,
the implementation of these techniques appears
highly advisible. As it is known that very likely this
protein corona is “what the cell sees” and defines its
further processing in the human body, such in situ or
as-tested characterization, and not only as-produced, is
required for a reliable safety assessment.

MATERIALS AND METHODS

Materials. Phenyltrimethoxysilane (Dynasylan 9165) and (3-
aminopropyl)triethoxysilane (Dynasylan AMEO)were a gift from
Degussa GmbH, Düsseldorf, Germany. N,N-Diisopropylethyla-
mine and cyanuric chloridewere purchased from Sigma-Aldrich
ChemieGmbH,Munich, Germany. Trichloromethane andmethanol
were purchased from Carl Roth GmbH þ Co. KG, Karlsruhe,
Germany. Water was either purified by reverse osmosis
(Millipore Synthesis, Schwalbach/Ts., Germany) or double dis-
tilled prior to use. AFM tips CSC 37/noAl were purchased from
Micromasch, Estonia. The bovine serum albumin and all chemi-
cals for SDS-PAGE were purchased from Sigma Aldrich, Germany.
Fetal bovine serum Gold came from PAA, Germany. CeO2

D was kindly provided by G. Gregori.18 Fermentas PageBlue
Coomassie staining reagent was purchased from Thermo Scien-
tific, Germany.

Physicochemical Characterization of Particles. The hydrodynamic
diameters of metal oxide nanoparticles were determined by
DLS using a Zetasizer Nano ZS from Malvern Instruments
(Herrenberg, Germany) equipped with a 10 mW HeNe laser at
a wavelength of 633 nm at 25 �C, essentially as described
previously.32 Scattered light was detected at a 173� angle with
laser attenuation and measurement position adjusted automa-
tically by the Malvern software. Values given are the means (
standard deviation of three independent experiments with
each experiment including three measurements of the same
sample with at least 10 runs each, as determined by the Zetasizer.
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The zeta potential of the nanoparticles was determined by laser
Doppler electrophoresis using a folded capillary electrophoresis
cell of the Zetasizer Nano ZS at 25 �C, with the light signal
detected at a 17� angle. Nanoparticles were dispersed in double-
distilled water with a concentration of 10 mg/mL and incubated
for 30 min in an ultrasonic water bath at room temperature. The
average valuewas calculatedwith the data of three times 10 runs
( standard deviation.

TEM Imaging. A carbon-coated 300 mesh TEM grid was
dipped into a dispersion with a concentration of 0.1 mg/mL in
2-propanol for CeO2 and 0.1 mg/mL in water for SiO2, respec-
tivley. The crystal structure and crystalline appearance were
visualized using TEM imaging on a Jeol JEM-3010 TEM (Jeol Ltd.,
Tokyo, Japan) with 300.000 V.

XRD Crystallinity Measurement. Crystallinity was determined by
X-ray diffraction. The intensity of the diffracted X-ray beam was
recorded by a D8 Advance (Fa. Bruker/AXS) as function of the
diffraction angle (2� < 2θ < 150�). Quantitative phase analysis
was performed using Rietveld refinement.

XPS Detection of Particle Impurities and Surface Modifications. Im-
purities and surface modification was determined by X-ray
photoelectron spectroscopy with a Phi XPS 5500 system with
300Wmonochromatic Al KR radiation, a pass energy for surveys
of 117 eV (measurement time of 45min), and detailed spectra at
23.5 eV (measurement time of 6min). Evaluationwas performed
by CasaXPS 2.3.15, based on phi standard-sensitivity factors,
with Shirley background subtraction and peak shape fits as a
sum of 90% Gaussian and 10% Lorentzian. Information depth is
limited to the surface 10 nm of the material. We performed two
measurements per sample, each integrating over 0.5 mm2. The
results in percentage are derived from the relative concentra-
tion of elements and their chemical bonds from line shape
analyses.

TOF-SIMS Characterization of Particles. Static TOF-SIMS spectra
were recorded using a TOF-SIMS V spectrometer (Iontof GmbH,
Germany). A pulsed mass-filtered primary ion beam of 25 keV
singly charged bismuth (Biþ) was used. This primary ion beam,
resulting in a spot size of typically 5 μm on the sample surface,
was raster scanned over an area of 250 � 250 μm to record
spectra of positive and negative secondary ions. The rastered
area integrates over more than 106 particles. The primary ion
dose density was always kept well below 10�12 ions cm�2 and
thus in the static SIMS regime. To prevent charging of the
sample surface, a low-electron energy flood gun was used. The
sample particle sediments were prepared for SIMS analysis by
placing them on clean silicon wafers. On the thus prepared
sample positions, no silicon wafer secondary ion mass signal
could be detected any more, confirming that the sample layer
thickness well exceeded the SIMS information depth of typically
1�3 nm.

Contact Angle Measurements for CeO2 A to D. A thin planarized
nanoparticle film of 1 mm thickness was immobilized with a
100 μm thick glue film on a PTFE foil. After removing the
nonimmobilized powder the sample was treated with filtered
nitrogen. The contact angles were measured with drops of
water, formamide, and diiodomethane. The drops were imaged
onto a CCD, and contact angles were extracted by standardized
software.

Inverse Gas Chromatography for the SiO2 50 and 200 and CeO2 B and C
Particles. Inverse gas chromatography33 is based on the study of
interactions of gas molecules of known properties with a solid
surface. Small amounts of molecular probes are injected into
the stream of the carrier gas flowing through the chromato-
graphic column filled with the solid to be investigated (Surface
Energy Analyzer, SMS, Alpteron, UK). The columns were packed
with 8 to 50mg of nanomaterial and conditioned for 1 h at 60 �C
and 20 sccmhelium flux. The unpolar (nonane, octane, heptane)
and polar (dichloromethane, acetonitrile, acetone, ethylacetate)
test gases were injected at 30 �C, and the retention time was
analyzed to give the interaction energies.

AFM Measurements: Tip Calibration. AFM tips (CSC 37/noAl,
Micromasch, Estonia) were mounted on an atomic force micro-
scope (Nanowizard, JPK Instruments, Berlin, Germany). A force
spectroscopy experiment was performed on purified glass
to determine the sensitivity of the setup. For this, glass was

presumed to be not indentable. The spring constants of the
AFM tips were determined using the built-in algorithm, which
relies on a method described by Hutter et al.34

AFM Measurements: Tip Modification. To remove production
residues and contaminations, AFM tips were precleaned as
described by Hinterdorfer et al.35 Briefly, they were consecu-
tively incubated in peroxymonosulfuric acid and trichloro-
methane and dried in a dry air flow. Besides the cleaning
effect, this method results in an enrichment of free silanol
groups at the surface of the AFM tip. These silanol groups were
used to facilitate silanization. First, a layer of Dynasylan 9165
was attached to the AFM tip by incubation in an organic
solution of the silane (20 μL/mL trichloromethane) for 30 min.
Subsequently, the AFM tips were washed by dipping them into
trichloromethane, methanol, and water, consecutively. After
this, the apex of the AFM tip was silanized with Dynasylan
AMEO by 30 min incubation of the tips in an organic solution of
the silane (20 μL/mL trichloromethane). This was followed by
washing the tips in trichloromethane, methanol, and water,
consecutively. AFM tips were heated to 105 �C for 1 h in a
cabinet heater. Subsequently, the AFM tips were incubated in a
solution of cyanuric chloride (1 mg/mL trichloromethane) con-
taining 10 μL of N,N-diisopropylethylamine for 2 h and washed
by dipping them into trichloromethane and water. To attach
BSA to the AFM tips, the pretreated tips were incubated in an
aqueous BSA solution (10 mg/mL) for 12 h and afterward
washed with water.

As aromatic silane layers have been reported to be hydro-
philic enough not to show repulsion when approached to a
surface,36 Dynasylan 9165 was used to inactivate the side faces
of the AFM tip. After removing the inactive faces a layer of
Dynasylan AMEO was applied to the cleaned apex, facilitating
covalent coupling of the protein to the AFM tip.

Particle�Protein Interaction by Atomic Force Microscopy. In an
atomic force microscopy experiment, forces are determined
as deflection (d) of the cantilever. With the spring constant (kc)
of the cantilever given, this applied force (Fadh) can be calcu-
lated from the detected deflection by Hooke's law (eq 1).37 For
this, the exact determination of the spring constant and sensi-
tivity of the cantilever, to which the AFM tip is mounted, are
crucial prerequisites for reliable force spectroscopy experi-
ments. For both, there is a proportional relation to the value
of the forcemeasured in an experiment.38 First, the sensitivity of
the setup was determined three times. To determine the spring
constant, themean value of these experiments was used. Spring
constants were determined three times for each tip andwere all
within the range of the manufacturer's specifications (SD < 10%).
Prior to each experiment, the AFM sensitivity was determined
again, because every change in the setup (e.g., position of
the laser on the backside of the cantilever) may change the
sensitivity.

Fadh ¼ kcd (1)

Fadh = force; kc = spring constant; d = deflection.
For each experiment a drop of the particle dispersion,

pretreated in a bath sonicator for 3 min, was dried onto a glass
slide, resulting in a thin homogeneous film of the particles. Films
were visualized in intermittent contact (air) mode.

In each experiment 64 adhesion measurements were per-
formed on an area of 4 μm2 with 0.5 μm z-length and a
retraction time of about 0.5 s. The experiments were done 10
times with three individual tips, each for unmodified and BSA-
modified tips, to optimize themeasurement setup regarding tip
curvature, spring constant, etc. After each experiment the tip
was checked for dramatic changes.

From these adhesion measurements the work of adhesion
(Wadh) was calculated according to James et al.39 using the
formula

WA ¼ 3Fadh
2πR

(2)

Fadh = force; R = tip radius.
According to the JKR (Johnson, Kendall, Roberts) theory, R is

the radius of the hemispherical point of contact. After each
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experiment the tip appearance was checked for dramatic
changes. Using eq 3 the surface free energy (γ1) was calculated
subsequently. According to James et al. and Davies et al.,39,40

the surface free energy of the silicon tip is determined using the
contact angle technique range fromapproximately 41 to43mJm�2.
In this study the value of the surface free energy of the silicon
tips (γ2) was fixed to 42 mJ m�2. The indention of the particle
deformation was calculated from the differences in the slope of
the force�distance approach curve between glass as reference
and the sample surface.

γ1 ¼ Wadh
2

4γ2
(3)

Wadh = work of adhesion; γ2 = surface free energy of tip.
Agglomeration Control by Analytical Ultracentrifugation. The parti-

cle size distribution was determined by an AUC of ∼500 μL of
the test dispersion with a mass ratio of nanomaterial:FCS
proteins = 2:1.

Simultaneous detection by synchronized interference op-
tics (Beckmann, model XLI) quantified the amount and the
diameter of each fraction independently from 1 nm up to
several micrometers diameter.41,42 We can thus successively
quantify in a single measurement the protein content, the
protein molar mass, the nanomaterial content, and the nano-
material state of agglomeration. When the retrieved concentra-
tion of proteins is less than 100 wt % at the expected molar
mass, we assume that the remaining proteins have adsorbed to
a particulate surface. When the retrieved concentration of
nanomaterial is less than 100wt % in themeasurement interval,
we assume that the remainder has agglomerated beyond 1 μm
diameter. The evaluation of the AUC raw data incorporated the
loose packing of nanoparticle agglomerates by assigning to
them a fractional dimension and using the fractal agglomerate
sedimentation relation as specified in eq 6 of ref 43. We used a
value of 2.1 for the fractional dimension, which is universal for
the morphology of agglomerates from reaction-limited colloi-
dal association (i.e., reversible agglomeration).43,44 A fractional
dimension of 3 describes solid spheres and is employed, for
example, in routine DLS or photon correlation spectroscopy
evaluation, but is obviously wrong for agglomerates. 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. 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.31

Indirect Determination of Protein Adsorption to Nanoparticles. Nano-
particles were predispersed for 1 h in dispersion medium
prior to mixture with the same volume of protein solution,
leading to particle�protein ratios from 1:10 up to 100:1. For the
explicit dispersion media and particle and protein concentra-
tions for BSA and FCS, see Tables 3 and 4. No differences were
found concerning the protein denaturation or precipitation
caused by dilution of FCS in water or PBS, respectively (tested
with SEC, see Supporting Information). The resulting dispersions
were stirred at room temperature for 1 h at 300 rpm, transferred
into Eppendorf tubes, and centrifuged at 23000g for 45min and
10 �C in a Hettich Universal 30 RF with E1175 rotor. Afterward,
the supernatants were collected and the pellets washed once
with deionized water. The pellets were resuspended directly in
2� sample buffer, and supernatants were diluted as described
in Tables 3 and 4 and also mixed with the same volume
of sample buffer. Afterward SDS-PAGE was performed as
described elsewhere.45 The gels were stained with Coomassie
dying solution following the manual and scanned with the
computer program Image Lab V 4.0 (BioRad, Munich, Germany).
BSA bands of the supernatants were read out and compared to
the band of the corresponding negative control. As especially at
the high particle�protein ratios the proteins could not be
detached from the CeO2 particles anymore, there was not
always a protein band for all sample pellets, as the adsorbed
proteins could not be detached from the particles and did not
migrate into the gel (see Supporting Information, Figures S4 and

S5). Hence, the protein bands of the different supernatants had
to be compared and subtracted from the total protein signal to
determine the adsorbed amount of protein indirectly.

Sigmoidal Fitting and Determination of Half-Maximum Values from the
Adsorption Data. The protein adsorption data from densitometry
were plotted against the different particle�protein ratios (w/w)
used and fitted with a heuristic sigmoidal model with the
equation

y ¼ A1 þ A2 � A1

1þ 10(log(x0 � x)) (4)

where A1 is the initial value, A2 themaximum of adsorption, and
x0 the mass ratio at half-maximum adsorption. As the adsorp-
tion tends to 100% with increasing particle�protein ratio, A2
was set and fixed at a value of 100% and A1 at a value of 0%; the
Hill slope p, which corresponds to the steepness of the curve,
was kept variable. For the fits containing a 20-point set between
A1 and A2, left and right margins were set to 0, and 20 fit
iterations were performed. From these sigmoidal fits, half-
maximum values were read out. All calculations were per-
formed with the computer program Origin 6.0 (Microcal).
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TABLE 3. Experimental Setup for the Determination of

Protein Adsorption from BSA Solution

nanoparticles

dispersion

media

protein end

concentrations of

BSA

[mg/mL]

dilution of

supernatants

for SDS-PAGE after

centrifugation

SiO2 50 and 200

[10 mg/mL]

water/water,

adjusted to

pH 6/PBS

100 1:1000

10 1:100

2 1:20

1 1:10

0.1 no dilution

CeO2 A�D

[10 mg/mL]

water 100 1:1000

10 1:100

2 1:20

1 1:10

0.1 no dilution

TABLE 4. Experimental Setup for the Determination of

Protein Adsorption of BSA from FCS Solution

nanoparticles

dispersion

media

protein end

concentrations

of BSA [mg/mL]

dilution of

supernatants

for SDS-PAGE after

centrifugation

SiO2 50 and
200 [1.9 mg/mL]/CeO2
A�D [1.9 mg/mL]

water 19 1:1000
1.9 1:100
0.38 1:20
0.19 1:10
0.019 no dilution
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nanoparticles in different dispersion media, size exclusion
chromatography, as well as SDS-PAGE results of protein adsorp-
tion on CeO2 and SiO2 nanoparticles. This material is available
free of charge via the Internet at http://pubs.acs.org.
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