
HOFMANN ET AL. VOL. 8 ’ NO. 10 ’ 10077–10088 ’ 2014

www.acsnano.org

10077

September 22, 2014

C 2014 American Chemical Society

Mass Spectrometry and Imaging
Analysis of Nanoparticle-Containing
Vesicles Provide a Mechanistic Insight
into Cellular Trafficking
Daniel Hofmann,†,‡ Stefan Tenzer,§ Markus B. Bannwarth,†,^ Claudia Messerschmidt,†

Simone-Franziska Glaser,† Hansjörg Schild,§ Katharina Landfester,† and Volker Mailänder*,†,‡

†Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany, ‡Department of Medicine III, Hematology, Oncology and Pneumology,
University Medical Center of the Johannes Gutenberg University Mainz, Langenbeckstrasse 1, 55101 Mainz, Germany, §Institute for Immunology,
University Medical Center of the Johannes Gutenberg University Mainz, Langenbeckstrasse 1, 55101 Mainz, Germany, and ^Graduate School Materials Science in
Mainz, Staudinger Weg 9, 55128 Mainz, Germany

R
ecent studies have intensively ana-
lyzed the composition of the protein
corona formed on nanoparticles after

their contact with blood plasma.1�4 Going
beyond this, our recent study aimed to use
proteomics to characterize the milieu of
nanoparticle-containing vesicles during
their uptake and intracellular trafficking.5,6

These are very dynamic processeswith a rap-
idly changing proteomic environment.7�10

During intracellular trafficking, homotypic as
well as heterotypic fusion events and matu-
ration processes drastically change the iden-
tity of the distinct endocytic vesicles.7,10�13

The fast conversion of endosomal marker
proteins, as well as the lively crosstalk of
endocytic vesicles with the trans-Golgi-net-
work (TGN) and the autophagic pathway,
challenges the investigation of intracellular
nanoparticle trafficking.7,14�16 Here it is

important to mention that a large number
of previous studies already roughly eluci-
dated the trafficking of distinct nano-
particles.13,17�19 Several investigations
show that the majority of nanoparticles
are transported to lysosomes, while some
others are recycled to the cell membrane by
endosomes or undergo other ways of
exocytosis.13,20�22 Since the transitions of
these intracellular trafficking pathways fre-
quently are smoothly blending with uptake
mechanisms, it appears to be mandatory to
perform a combined study investigating
intracellular trafficking and uptake mechan-
isms at the same time. This guarantees to
obtain novel information about partici-
pating proteins.23,24 These include proteins
(e.g., ARF1, Rab5) which participate during
the entry and the intracellular traffick-
ing pathways.24�27 Moreover, the so far
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ABSTRACT Rational design of nanocarriers for drug delivery approaches requires

an unbiased knowledge of uptake mechanisms and intracellular trafficking pathways.

Here we dissected these processes using a quantitative proteomics approach. We

isolated intracellular vesicles containing superparamagnetic iron oxide polystyrene

nanoparticles and analyzed their protein composition by label-free quantitative mass

spectrometry. The proteomic snapshot of organelle marker proteins revealed that an

atypical macropinocytic-like mechanism mediated the entry of nanoparticles. We

show that the entry mechanism is controlled by actin reorganization, atypical

macropinocytic signaling, and ADP-ribosylation factor 1. Additionally, our proteomics

data demonstrated a central role for multivesicular bodies and multilamellar lysosomes in trafficking and final nanoparticle storage. This was confirmed by

confocal microscopy and cryo-TEM measurements. By quantitatively analyzing the protein composition of nanoparticle-containing vesicles, our study

clearly defines the routes of nanoparticle entry, intracellular trafficking, and the proteomic milieu of a nanoparticle-containing vesicle.

KEYWORDS: nanoparticles . magnetic purification . vesicles . endosomes . intracellular trafficking . multivesicular bodies .
multilamellar lysosomes . macropinocytosis-like . endocytosis
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unknownhydrolytic proteins of nanoparticle-containing
lysosomes are of great interest since this knowledge
could be utilized to more efficiently design nano-
materials for drug delivery approaches. This knowledge
could aid to improve the process of nanomaterial
disassembly, drug release and the degradation of the
nanoparticulate protein corona.28,29

RESULTS AND DISCUSSION

To analyze the uptake mechanisms, the intracellular
nanoparticle trafficking and the proteomic composi-
tions of SPIOPSN-containing vesicles, we chose HeLa
and human mesenchymal stem cells (MSC) as model

systems. HeLa cells as malignant cell line are widely
used in the field, while MSC are primary cells interest-
ing in regenerative therapy. Incubation of HeLa and
human mesenchymal stem cells with fluorescently
labeled superparamagnetic iron oxide polystyrene
nanoparticles (SPIOPSN, for characterization see
Figure 1A,B) showed a continuous internalization of
nanoparticles over 20 h (Figure 1C). Therefore, we
chose 20 h for proteomic analysis because a significant
amount of nanoparticles was found in the final cell
designation, the multilamellar lysosomes, while others
were just internalized into newly formed endocytic
vesicles. Morphologically, SPIOPSN were transported

Figure 1. Characterization of nanoparticles. (A) Transmission electron microscopy images of SPIOPSN illustrated the
homogeneous distribution of iron oxide nanoparticles among the polystyrene nanoparticles with an average rate of about
61 wt % as determined by thermogravimetric analysis. Transmission electron microscopy and dynamic light scattering
revealed an average size distribution of 126 nm. The ∼10 nm sized superparamagnetic iron oxide nanoparticles showed a
homogeneous distribution inside the polystyrenematrix. SPIOPSNpossessed a high saturationmagnetization of 45 emug�1.
(B) Size exclusion chromatography (SEC) simultaneously detected fluorescent dye (UV) and polystyrene (RI). Size exclusion
chromatography confirmed the exclusion of free dye in our nanoparticle dispersion. (C) The measurement of uptake kinetics
carried out by flow cytometry displayed a rapid uptake of SPIOPSN up to 20 h. In the second measurement, nanoparticles
were withdrawn after 4 h. The nanoparticle content remains stable from this time point, hereby excluding exocytosis.
(D) The fluorescent dye does not dissociate from the nanoparticles. Since free BODIPY is transported to lipid droplets,
we counterstained cells with TIP47.56 The 150 μg mL�1 nanoparticles and nanoparticle supernatant (lower two panels) were
checked for free dye molecules. No colocalization was observed (scale bar 5 μm). (E) SPIOPSN were mostly taken up linearly
and widely distributed through the cell as shown by confocal laser scanning microscopy. The panels depict a homogeneous
intracellular distribution of the magnetic nanoparticles (20 h, 150 μg mL�1, 1 unit = 5.15 μm).
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inside roundly shaped vesicles in a size range of 500�
1000 nm (Supporting Information Figure S1C). Further-
more, we found no significant signs of dye leakage
(Figure 1D, Supporting Information Figure S1D), cy-
totoxicity (Supporting Information Figure S1A,B) or
nanoparticle exocytosis (Figure 1C) after this time.

Dissection of Intracellular Nanoparticle Trafficking by Pro-
teomic Snapshot Analysis. We used the superparamag-
netic features of SPIOPSN to magnetically isolate
intracellular nanoparticle-containing vesicles from
HeLa cells after 20 h of nanoparticle exposure. Trans-
mission electron microscopy confirmed the presence
of a large number of NP-containing vesicles inside the
magnetically enriched fraction (Figure 2A). Next, we
determined the proteomic composition of these vesi-
cles using a TOP3-based label-free quantitative mass
spectrometry approach.30 Overall, we were able to
identify and quantify 1492 proteins in the magneti-
cally enriched fraction; of those, 884 were found to
be enriched by a factor of at least 2 relative to

the nonmagnetic fraction (Supporting Information
Tables S1�S6). Then, we applied DAVID protein ontol-
ogy analysis to identify potential uptake pathways and
intracellular nanoparticle trafficking pathways in silico

(Supporting Information Table S1).31 For dissection of
the intracellular trafficking pathways, we used the
GOTERMs lysosome and vesicle (Supporting Informa-
tion Tables S2 and S3).

Uptake Mechanisms: Markers of Macropinosomes and Early
Endosomal Proteins Were Identified on SPIOPSN-Containing
Vesicles. Next, we subcategorized the identified pro-
teins according to their known subcellular localization
in literature (Figure 2B). Confirmatory for our approach,
we identified early endocytic proteins such as RAB5A
and RAB5C. Additionally, live cell imaging demon-
strated an active transport of SPIOPSN inside Rab5Aþ

vesicles (Supporting Information Figure S2). We also
identified RhoB, which has been associated with the
(macro)pinocytic machinery.32 Interestingly, RhoB and
Rab5Aþ NP-containing vesicles were both visible by

Figure 2. Reconstruction of intracellular nanoparticle trafficking. (A) After 20 hof SPIOPSN incubation and extensivewashing,
HeLa cells were disrupted, debris was removed, and intact vesicles were prepared for label-free quantitative mass
spectrometry. (B) After DAVID ontology analysis, intracellular nanoparticle trafficking was reconstructed based on GOTERMs
vesicle and lysosome. Subcellular classification of identified proteins is based on the proteins that weremagnetically enriched
by a factor of >2-fold. Reconstruction of intracellular nanoparticle trafficking is schematically illustrated. Protein names are
depicted by their Uniprot_IDs.
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differential interference contrast (DIC) microscopy
and resembled fluid-phase filled macropinosomes
(Supporting Information Figure S2).24 Another protein
that was associated with macropinocytic mechanisms
was the identified ADP-ribosylation factor 1 (ARF1).33

Hasegawa et al. demonstrated that the overexpression
of dominant negative ARF1 T31N induced an incom-
plete closure of the circular dorsal ruffles hereby
blocking the macropinocytic uptake mechanism in
an ARF1-dependent manner.33 After the overexpres-
sion of dominant negative ARF1, we recorded only less
colocalization with SPIOPSN (Supporting Information
Figure S2). However, we observed that ARF1 T31N (DN)
cells displayed a very low number of internalized
nanoparticles (Figure 3A). We observed that ARF1
T31N had a significant effect on the uptake rate of
nanoparticles. This was also confirmed by the pharma-
cological inhibition of ARF1 by Brefeldin A (Figure 3B)

indicating that ARF1 plays a major role during the
macropinocytic-like entry of SPIOPSN.

To verify additional proteins that participate during
the early stages of SPIOPSN entry, we overexpressed
SWAP70-GFP, Rac1-Q61L-GFP, cdc42-Q61L-GFP and
cdc42-T17N-GFP as markers for macropinocytic ruffles
and macropinosomes. Fluorescence microscopy ima-
ging indicated no colocalization of SWAP70 with
SPIOPSN, but identified SPIOPSN inside Rac1 positive
vesicular compartments (Figure 4E,F). These vesicles
resembled nonbudded premacropinosomes that were
filled with SPIOPSN.34 A similar phenotype was ob-
served during the overexpression of cdc42-Q61L-GFP,
where we found SPIOPSN inside roundly shaped pre-
macropinosomes (Supporting Information Figure S2).
As confirmation, the presence of cdc42 inmagnetically
isolated SPIOPSN-containing vesicleswas also shownby
mass spectrometry (Supporting Information Table S4).

Figure 3. Intracellular trafficking of SPIOPSN. (A) Twenty-four hours after transfection of HeLa cells with ARF1 T31N DN,
150 μg mL�1 SPIOPSN were added for 6 h (***p < 0.001). Number of SPIOPSN-containing vesicles was quantitatively
determinedby the analysis of z-stacks. (B) HeLa cellswere pretreatedwith 10μgmL�1 BrefeldinA followedby a 5 h incubation
of 150 μgmL�1 SPIOPSN (*p < 0.01). SPIOPSN uptakewas quantitatively analyzed by flow cytometry. (C) Quantitative analysis
of TEMmicrographs. Vesicles were classified owing to the morphological criteria as shown in the sketches of (D). Abundance
of different endolysosomal compartments after 20 h of SPIOPSN incubation (n = 4 independent experiments). (D) SPIOPSN
entered HeLa cells via macropinocytic ruffles. Transport to multilamellar lysosomes via multivesicular bodies containing
intraluminal vesicles. Multilamellar lysosomes contained wrapped lipid bilayers. (E and F) Trafficking of SPIOPSN was
observed alongRab9þ andRab7þ vesicles. (G) Pmel17 andCD63 colocalizedwith SPIOPSN after 6 h of exposure. SPIOPSNend
up in Cathepsin Dþ and Lamp1/2þmultilamellar lysosomes after 20 h of exposure (scale bar cLSM, 5 μm;magnification, 1 μm;
scale bar TEM, 200 nm).
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Entry of Nanoparticles into the Endocytic System Is Mediated
by a Macropinocytic-like Mechanism. Our previous experi-
ments showed that nanoparticles were internalized
via macropinosome-like organelles. Next, we further
investigated the nanoparticle entry mechanisms by
the use of different membrane permeable inhibitor
molecules that affect macropinocytic signaling path-
ways. Since macropinocytosis depends on the reorga-
nization of actin, we initially focused on the mod-
ulation of actin cytoskeleton.23,35,36

We found that the uptake of SPIOPSN was mainly
suppressed by F-actin inhibition (Figure 4A), whereas
myosin II inhibition had no effect on cellular uptake
(Supporting Information Figure S3). Most of the nano-
particles colocalized with the fluid phase marker dex-
tran (10 kDa) after 4�6 h of incubation inside smaller
and larger endocytic structures (Figure 4B). Our multi-
ple inhibitor studies revealed that vesicle uptake is
mainly affected by key players of the macropinocytic
system.37 Relative to control experiments, we observed
a reduced number of internalized nanoparticles after
the treatment of cells with a PAK1 inhibitor (IPA3) and
two classical inhibitors of PI3K (Wortmannin and

Ly294002).38,39 EIPA, a macropinocytic inhibitor, re-
duced the uptake of nanoparticles (Figure 4D).40 More-
over, nocodazole significantly inhibited SPIOPSN
uptake.41 Interestingly, while the inhibition of PKC
(7 mM Ro 31-8220) and PLC (10 μM U-73122) had no
effect on SPIOPSN uptake (data not shown),39 the
stimulation of PKC signaling by phorbol myristate
acetate (PMA) and EGF led to a decrease in SPIOPSN
uptake but to an increase in fluid-phase dextran up-
take displaying a size limitation for SPIOPSN in PMA-
stimulated pinocytosis (Figure 4C and Supporting
Information Figure S3).42 We also observed a reduc-
tion of SPIOPSN uptake after dynasore treatment and
the overexpression of dynamin2 K44A indicating
that dynamin2 mediates SPIOPSN entry (Supporting
Information Figure S4). This strengthens the role for
dynamin2 in amacropinocytic-like uptakemechanism.
On a subcellular level, it is known that dynamin
participates in the formation of macropinocytic
protrusions.43 Schlunck and colleagues showed that
the disruption of Dynamin2 leads to an altered Rac lo-
calization from the cell edges into abnormal dorsal ruf-
fles leading to a decrease of lamellipodia formation.43

Figure 4. SPIOPSN are mainly internalized via a dynamin-dependent macropinocytosis-like mechanism. (A) SPIOPSN
(150 μg mL�1) were incubated with cytochalasin D (150 μM) pretreated HeLa cells to investigate the effect of inhibition of
F-Actin polymerization. Ten kilodalton AF488-Dextran served as a control. Values are given asmeanþ SD (n = 3 independent
experiments); ***p < 0.001. (B) Localization of SPIOPSN and 10 kDa AF488-Dextran during a co-internalization experiment
(white arrows indicate sites of colocalization; scale bar 1 μm). (C) HeLa cells were prestimulated for 45minwith 50 nMphorbol
myristate acetate (PMA) and incubated with SPIOPSN and 10 kDa AF488-Dextran. Experiments were performed in triplicates;
errors are plotted asmedianþ SD); ***p < 0.001. (D) HeLa cells were preincubatedwithmultiple smallmolecules that partially
inhibited SPIOPSN internalization (***p < 0.001 except for the inhibition by chlorpromazine. (E) Confocal microscopy of cells
exposed to SPIOPSN (6 h) in a Rac1-Q61L-GFP positive cell (scale bar = 10 μm). (F) A snapshot of vesicular tracks shows the
movementof SPIOPSN in a Rac1-Q61L-GFPþ vesicle. Imageswere recorded every 3 s (scale bar = 1μm). Amotility profile of the
nanoparticle was generated.
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To exclude a role for dynamin in clathrin or caveolae-
mediated uptake, we showed that the treatment with
clathrin uptake inhibitor chlorpromazine, as well as the
overexpression of Epsin DIII and caveolin 1, did not
alter the uptake of nanoparticles (Figure 4D/ Support-
ing Information Figure S4). siRNA-mediated knock-
down showed that the uptake of SPIOPSN was
neither mediated by clathrin heavy chain nor by
caveolin-1 (Supporting Information Figure S4D,E). Al-
together, we observed that SPIOPSN are internalized
via an atypical macropinocytic mechanism, which
further interplays with the endolysosomal trafficking
system.

Intracellular Trafficking: Proteins of SPIOPSN-Containing
Multivesicular Bodies. After entry, we were able to identi-
fy nanoparticles inside intracellular compartments
connecting early endocytic compartments with lyso-
somal compartments. As prominent markers for multi-
vesicular bodies, we identified RAB7A, RAB9A and
VAMP7 by mass spectrometry.16,44,45 Also in live cell
imaging experiments, we observed a colocalization of
SPIOPSN with RAB7A, RAB9A and VAMP7 positive
endosomes that actively trafficked through the cell
(Figure 2B, Figure 3E,F and Supporting Information
Figure S5).44

Additionally, MVBs harbor several tetraspanins (e.g.,
CD9, CD63, CD81, CD82) and HLA molecules (e.g., HLA
MHC class I antigen A*68) inside their membrane
(Figure 2B). For CD63, we confirmed the colocalization
with SPIOPSN by immunofluorescence stainings indi-
cating that nanoparticles are in close proximity to
intraluminal vesicles (Figure 3).46 Previous studies
showed a CD63-dependent sorting of Pmel17 into
intraluminal vesicles of MVBs.46 Since we observed a
colocalization of SPIOPSN with CD63, we asked
whether Pmel17 is sorted into SPIOPSN-containing
vesicles. We overexpressed Pmel17, a melanosomal
protein located in intraluminal vesicles inside
MVBs.46,47 Indeed, colocalization indicated that nano-
particles are in close proximity to the neighboring
intraluminal vesicles (Figure 3). We confirmed the
localization of SPIOPSN inside MVBs by cryo-TEM ex-
periments (Figure 3C,D). The analysis of TEM images
displayed that SPIOPSN are shuttled via ILV-enriched
multivesicular bodies to multilamellar lysosomes con-
taining characteristic membrane whorls (Figure 3C).
After 20 h, a large number of nanoparticles was stored
inside the terminal multilamellar lysosomes.

RNAi-mediated knockdown of the tetraspanin
CD81 significantly reduced the uptake of SPIOPSN
(Supporting Information Figure S4). In this context it
was previously shown that CD81 regulates the forma-
tion of lamellipodia.48 In dendritic cells, CD81 knock-
down subsequently lowers the activity of Rac1 in an
actin-dependent fashion.48 Therefore, we concluded
that CD81 is involved in themacropinocytic-like uptake
mechanism of SPIOPSN.

Further proteins of MVBs that were identified by
mass spectrometry are the cholesterol transporters
Niemann Pick disease C1 (NPC1) and Niemann Pick
disease C2 (NPC2).49 Previous reports showed that the
depletion of NPC1 leads to endolysosomal dysfunction
and disturbance of intracellular transporting processes
owing to defects in cholesterol transport.20 Therefore,
we focused on the effect of cholesterol on the entry of
SPIOPSN. First, we found that cholesterol depletion by
methyl-β-cyclodextrin significantly inhibited the up-
take of SPIOPSN (Figure 4D). To mimic the phenotype
of NPC1-depleted cells, we used the cholesterol syn-
thesis inhibitor U18666A. The accumulation of choles-
terol inside the endolysosomal system significantly
decreased uptake of SPIOPSN and dextran revealing
an important role for cholesterol homeostasis in
SPIOPSN entry (Supporting Information Figure S4F).

Intracellular Storage: Lysosomal Membrane Proteins Identi-
fied by MS. While other studies rely on colocalization
studies with a single lysosomal maker or a fluorescent
labeling of endosomes with a low pH, we found a wide
range of proteins associated with the lysosomal com-
partment (Figure 2B; Supporting Information Table S2).
Confirmatory to the literature, LAMP1 and LAMP2were
identified by MS. Intracellular immunofluorescence (IF)
staining validated that LAMP1 and LAMP2 were asso-
ciated with SPIOPSN-containing vesicles (Figure 3G).
Further on, cathepsins as well as other characteristic
lysosomal matrix proteins (e.g., hydrolases, galactosi-
dases and thioesterases) were identified (Figure 2B;
see proteins in the reconstruction of multilamellar
lysosomes; Supporting Information Tables S2 and S3).
IF stainings showed a high rate of SPIOPSN colocaliza-
tion with cathepsin D in HeLa cells and in human
mesenchymal stems cells (Figure 3G; Supporting
Information Figure S6). The hydrolytic potential
of the nanoparticle-containing lysosomes was shown
as we observed a degradation of the nanoparticle-
associated protein corona inside lysosomes. We dem-
onstrated that the protein corona is taken up into
the endolysosomal system but is then degraded inside
Lamp1þ/Lamp2þ lysosomal organelles (Supporting
Information Figure S7).

At the same time, we were also able to identify
several v-type proton ATPase pumps that are known
to obtain the lysosomal pH (e.g., VATG1, VATC1)
(Figure 2B). Inhibition of v-type ATPases by Bafilo-
mycin A1 drastically decreased SPIOPSN uptake. Con-
sequently, we concluded that the functionality of
v-type proton ATPase pumps is required for the
macropinocytic-like uptake mechanism (Supporting
Information Figure S3).

Other Relevant Proteins That Were Identified by MS. Other
proteins such as flotillin 1 (FLOT1) and flotillin 2 (FLOT2)
were identified (Figure 2B).50 In RNAi-mediated ex-
periments, we observed a decreased endocytosis
of SPIOPSN after siRNA mediated knockdown of
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flotillin-1 (Supporting Information Figure S4E).51 There-
fore, we concluded that flotillin-1 is not only present in
MVBs but fulfills also tasks during the uptake of
SPIOPSN. Next, we analyzed whether proteins of the
recycling pathways were associated with SPIOPSN-
containing vesicles. Indeed, RAB11A and RAB11B were
enriched in the magnetic fraction. However, in live cell
imaging, less colocalization of nanoparticles with
Rab11 (data not shown) was observed.13 Therefore,
we concluded that SPIOPSN were not exocytosed via

the recycling pathway. This was also confirmed by
pulse experiments, where no significant drop of inter-
nalized nanoparticles was observed over time
(Figure 1C). It is important to mention that Rab11 is
not only a marker for recycling endosomes but is also
present onto early endocytic vesicles and MVBs, which
has to be considered when investigating nanoparticle
trafficking.11,12

Identification of Proteins Heavily Depends on the Method of
Subcellular Fractionation. Subcellular fractionation meth-
ods are prone to impurities inside the sample, leading
to the detection of contaminating proteins, especially
when highly sensitive MS methods are used.52 This
poses stringent requirements on subcellular fractiona-
tion protocols, especially for the preparation of endo-
somal compartments. Notably, even highly “pure”
endosomal fractions always contain proteins from
other compartments, since the cell uses the endocytic
pathway for the degradation of nonendolysosomal
constituents.53 Especially, the fusion of autophago-
somes with lysosomes may insert impurities of defect
organelles such as mitochondria or other damaged
vesicles.53 This was also shown by our experiments,
where we identified largemembrane whorls inside the
endolysosomal structures, which at the same time
harbored magnetic nanoparticles (the last two panels
of Figure 3D). DAVID ontology analysis of the remain-
ing nonendolysosomal proteins revealed an enrich-
ment of markers of the cytoskeleton (∼26) and the
pore complex (∼6) (Supporting Information Table S6).
To reliably distinguish between positive and false
positive results, analyzing the enrichment of proteins
in the purified fraction relative to the remaining frac-
tion is mandatory. False negative results may be
caused by low abundance of the proteins in the
investigated fraction or degradative processes. Addi-
tionally, low copy number proteins as well as small
proteins (e.g., subunits), hydrophobic insoluble trans-
membrane proteins, proteins with post-translational
modifications and loosely attached proteins may be

hard to detect.52 While these restrictions may limit
interpretation of the data, the quantitative analysis of
vesicular proteins by MS is a valuable tool to screen for
new components of the nanoparticle uptake and
trafficking machinery.

CONCLUSIONS

Overall, we utilized a novel approach with label-free
quantitative mass spectrometry to analyze uptake
mechanisms and intracellular nanoparticle trans-
port after a macropinocytic-like uptake mechanism.
Our proteomic analysis identified relevant proteins
involved in nanoparticle uptake and trafficking, in-
dicating that nanoparticles are endocytosed by a
macropinocytic-like uptake mechanisms. This was un-
derlined by the identification of ARF1, which mainly
controls the uptake of nanoparticles inside this path-
way. This mechanism was shown to be more depen-
dent on classical factors of macropinocytic signaling
but is also controlled by factors such as dynamin-2.
Following uptake, this entry pathway guides the nano-
particles via macropinosome-like organelles into an
endolysosomal pathway toward their final destination
inside multilamellar lysosomes. The active movement
of the nanoparticles inside RhoBþ macropinosomes
and Rab7þ/Rab9þ late endosomes was shown in a
single-nanoparticle-tracking experiments. Besides
markers for early endocytic vesicles and late endo-
somes, we also identified several lysosomal matrix
proteins that are known for specific and unspecific
degradation of cargoes.52 Here, knowledge about the
microenvironment with which a nanoparticle is con-
fronted is of major interest for the future design of
nanocarriers. Several drug delivery applications al-
ready rely on the intravesicular milieu utilizing envi-
ronmental conditions for nanomaterial disassembly
and drug release.54 However, the disassemblymechan-
isms of the nanospheres are nowadays more or less
based on randomized strategies since the endolysoso-
mal milieu of nanoparticles was yet undefined. We
showed that the proteomic microenvironment of the
endolysosome interacts with the nanoparticle result-
ing in the degradation of the nanoparticule-associated
protein corona. Our approach may provide novel
information for the intelligent design of nanospheres
obtaining a high efficiency of drug release. In the
future, we will transfer this technique to other cell
types such as dendritic cells and macrophages to
obtain further exciting insights in the uptake and
trafficking pathways of nanoparticles.

MATERIAL AND METHODS

Materials. All chemicals were used without purification ex-
cept for styrene, which was passed through a basic aluminum
oxide before use: ammonium hydroxide (28% solution in water,

VWR), 2,20-azobis(2-methylbutyronitrile) (V-59, Wako), ferric

chloride hexahydrate (FeCl3 3 6H2O, 99%, Acros), ferrous chloride

tetrahydrate (FeCl2 3 4H2O, 99%,Merck),N-(2,6-diisopropylphenyl)-

perylene-3,4-dicarbonacid-imide (PMI, BASF), n-hexadecane
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(99%, Fisher), n-octane (99%, Aldrich), oleic acid (58%, Riedel-
de Haen), potassium persulfate (KPS, 99%, Aldrich), sodium
n-dodecyl sulfate (SDS, 99%, Merck), sodium p-styrenesulfonate,
(>90%, Aldrich), styrene (>99%, Aldrich). BODIPY dyewas synthe-
sized as described elsewhere.55,56 The used BODIPY was excited
with a 514 nm laser. Emission was detected at 530�560 nm.
Therefore, it was possible to perform colocalization experiments
withGFP-tagged proteins since both fluorescence signals did not
interfere with each other in a sequential scanning mode in cLSM
experiments.

Preparation of Oleate-Capped Iron Oxide Nanoparticles. The pre-
paration of oleate-capped iron oxide nanoparticles was per-
formed similar to a recipe described in literature.57 Briefly, 24.4 g
(90 mmol) of ferric chloride and 12.0 g (60 mmol) of ferrous
chloride were dissolved in 100 mL of deionized water. Then,
40 mL of a 28% aqueous ammonium hydroxide solution and
4.0 g (14.2 mmol) of oleic acid were added. The reaction mix-
ture was heated to 70 �C for 1 h followed by a further heating to
100 �C at which temperature the mixture was stirred for
additional 2 h under constant refilling of evaporating water.
The resulting black precipitate was purified several times by
magnetic separation and rinsing with deionized water and
finally dried under vacuum overnight.

Preparation of Dye Labeled Polystyrene Nanoparticles with Iron Oxide
Nanoparticles. The preparation of the particles was done using a
modified protocol previously described.57 Therefore, 1 g of the
as-synthesized oleate-capped iron oxide nanoparticles was
redispersed in 0.5 g of n-octane and 1 mg (2.1 μmol) of BODIPY
dye added. To help redispersion and dissolving, themixturewas
sonified for 45 min. In a separate vial, 25 mg of sodium dodecyl
sulfate was dissolved in 24 g of deionized water, combined with
the disperse n-octane phase and sonified with a tip sonifier for
3 min (70% amplitude, 10 s pulse, 5 s pause; Branson sonifier
450; Branson, MO) in ice. For a second emulsion, n-hexadecane
(20 mg; 0.088 mmol) and styrene (1 g; 9.6 mmol) were mixed
with a 0.04 wt % aqueous SDS solution. The two-phase system
was sonified with a tip sonifier for 1 min (10% amplitude, 5 s
pulse, 5 s pause) in ice and added to the magnetic miniemul-
sion. Nitrogen was bubbled through the combined dispersions
for 5 min, KPS (25 mg; 0.092 mmol) and sodium styrenesulfo-
nate (30mg; 0.145mmol) were added, and the reaction mixture
was heated to 80 �C under stirring and kept at this temperature
for 6 h. Purification of the magnetic polystyrene particles was
performed magnetically.

Nanoparticle Characterization. Determination of the hydrody-
namic particle diameter and the standard deviation was done
using a NICOMP zetasizer (Agilent Technologies). The measure-
ment was conducted at 25 �C in a diluted aqueous dispersion at
an angle of 90�. Zeta potential measurements were performed
with a Malvern Instruments Zeta Nanosizer at a detection angle
of 173� in a 10�3 M KCl sample dispersion. TEM was performed
using a Zeiss EM912 at a working voltage of 80 kV. The sample
dispersion was diluted with demineralized water and drop-
casted on a 400-mesh carbon-coated copper grid. Thermo-
gravimetric analysis measurements were done with a thermo-
balance Mettler Toledo TGA/SDTA 851. All measurements were
performed at a heating rate of 10 K 3min�1 from room tempera-
ture to 700 �C under nitrogen atmosphere. For molecular mass
determination, a PSS SecCurity (Agilent Technologies 1260
Infinity) was used. The dye labeled polymer was freeze-dried
after synthesis and dissolved in DMF. Size exclusion chroma-
tography was run at a flow rate of 1 mL 3min�1 and a column
temperature of 30 �C. Calibration was done with polystyrene
standards purchased from Polymer Standard Service GmbH
(PSS). As detectors, a UV S3702 (at 520 nm) and a shodex RI
101 detector were used simultaneously. Hysteresis measure-
ments were performed on a vibrating sample magnetometer.
Samples were filled into a gelatin capsules and mounted in a
low magnetic moment sample holder.

Label-Free Liquid Chromatography Mass Spectrometry. LC�MS Pro-
tein Digestion. Aliquots (20 μg) of protein were dissolved in lysis
buffer (7 M urea, 2 M thiourea, 2% CHAPS). Subsequently,
proteinswere digested using amodified FASPmethod.58 Briefly,
redissolved protein was loaded on the filter, and detergents
were removed by washing three times with buffer containing 8

M urea. The proteins were then reduced using dithiothreitol
(DTT) and alkylated using iodoacetamide, and the excess
reagent was quenched by addition of additional DTT and
washed through the filters. Buffer was exchanged by washing
with 50mMNH4HCO3, and proteins were digested overnight by
trypsin (Trypsin Gold, Promega) with an enzyme to protein ratio
of 1:50. After overnight digestion, peptides were recovered by
centrifugation and two additional washes using 50 mM
NH4HCO3. Flow-throughs were combined, lyophilized and re-
dissolved in 20 μL of 0.1% formic acid by sonification. The
resulting tryptic digest solutions were diluted with aqueous
0.1% (v/v) formic acid to a concentration of 200 ng/μL and
spiked with 25 fmol/μL of enolase 1 (Saccharomyces cerevisiae)
tryptic digest standard (Waters Corporation).

UPLC�MSConfiguration. Nanoscale LC separation of tryptic
peptides was performed with a nanoAcquity system (Waters
Corporation) equipped with a HSS-T3 1.7 μm, 75 μm �150 mm
analytical reversed-phase column (Waters Corporation). Trap-
ping column was a Waters Symmetry C18 180 μm � 20 mm
column. Then, 300 ng of total protein was injected per technical
replicate. Mobile phase A was water containing 0.1% (v/v)
formic acid, while mobile phase B was acetonitrile containing
0.1% (v/v) formic acid. Peptides were separated with a gradient
of 5�40% mobile phase B over 94 min at a flow rate of 300
nL/min, followed by a 4 min column rinse with 90% of mobile
phase B at 600 nL/min. The columns were re-equilibrated at
initial conditions for 15 min. The analytical column temperature
was maintained at 55 �C. The lock mass compound, [Glu1]-
Fibrinopeptide B (100 fmol/μL), was delivered by the auxiliary
pump of the LC system at 500 nL/min to the reference sprayer of
the NanoLockSpray source of the mass spectrometer.

Mass spectrometric analysis of tryptic peptides was per-
formed using a Synapt G2-S mass spectrometer (Waters Cor-
poration, Manchester, U.K.). For all measurements, the mass
spectrometer was operated in v-mode with a typical resolution
of at least 25 000 fwhm (full width half-maximum). All analyses
were performed in positive mode ESI. The time-of-flight ana-
lyzer of the mass spectrometer was externally calibrated with a
NaI mixture fromm/z 50 to 1990. The data were postacquisition
lock mass corrected using the doubly charged monoisotopic
ion of [Glu1]-Fibrinopeptide B. The reference sprayer was
sampled with a frequency of 30 s. Accurate mass LC�MS data
were collected in ion-mobility enhanced data-independent
mode of analysis as described previously in detail.30 The spectral
acquisition time in each mode was 0.6 s with a 0.05-s interscan
delay. In low energy MS mode, data were collected at constant
collision energy of 4 eV. In elevated energy MS mode, the
collision energy was ramped from 18 to 60 eV during each
0.6-s integration. One cycle of low and elevated energy datawas
acquired every 1.3 s. The radio frequency (RF) amplitude applied
to the quadrupole mass analyzer was adjusted such that ions
fromm/z 350 to 2000were efficiently transmitted, ensuring that
any ions observed in the LC�MS data less than m/z 350 were
known to arise from dissociations in the collision cell. All
samples were analyzed in triplicate.

Data Processing and Protein Identification. Continuum
LC�MS data were processed and searched using ProteinLynx
GlobalSERVER version 3.0.2 (Waters Corporation). Protein iden-
tifications were obtained by searching the human UniProtKB/
Swissprot reference proteome database (UniProtKB release
2012_07, 20 231 entries). Sequence information on enolase 1
(S. cerevisiae) and bovine trypsin was added to the databases to
conduct absolute quantification.59 Guideline identification cri-
teria were applied for all searches.60 For database search in
PLGS3.0.2, precursor and fragment ion mass tolerances were
automatically determined by PLGS3.0.2. Ionmass tolerance was
typically below 5 ppm (3.3 ppm RMS) for precursor ions and
below 10 ppm for fragment ions. The following search criteria
were set for peptide identification: (i) trypsin as digestion
enzyme, (ii) up two missed cleavages allowed, (iii) fixed carba-
midomethylcysteine and variable methionine oxidation set as
the modifications, (iv) minimum three identified fragment ions.
A reversed database, which was generated automatically in
PLGS3.0.2, was used for the determination of the false discovery
rate (FDR) for peptide and protein identification. The FDR was
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set to 1% for initial database search in PLGS. Data were
postprocessed using the software package ISOQuant.30 Post-
identification analysis included retention time alignment, EMRT
(exact-mass-retention-time) and IMS clustering, signal annota-
tion, normalization and protein isoform/homology filtering.
ISOQuant filtering reduced the peptide and protein FDRs to
below 0.01% and 0.1%. Only proteins identified by at least two
peptides with a minimum length of six amino acids were
considered. Each peptide had to be identified in a minimum
of two runs. To assess protein quantities, absolute in-sample
amounts were calculated for each detected protein based on
the TOP3 approach.13 For display, we defined the relative
amount of each protein in respect to the sum over all detected
proteins (ppm: parts permillion (w/w) of total protein). Themass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.pro-
teomexchange.org) via the PRIDE partner repository61 with
the data set identifier PXD001175.

DAVID Ontology Analysis. After data evaluation of the MS
spectra, >2-fold enriched proteins of themagnetic fractionwere
forwarded to DAVID protein ontology analysis (http://david.
abcc.ncifcrf.gov/).62 Functional annotation clustering was per-
formedusingDAVIDontology analysiswith theGOTERM_CC_FAT.
High stringency analysis classified proteins in different annotation
clusters. P-values were calculated. Reconstruction of intracellular
nanoparticle trafficking is based on the GOTERMs vesicles and
lysosome.

Cell Culture, Immunofluorescence, and Confocal Laser Scan-
ning Microscopy. HeLa cells (DSMZ, Germany) were cultivated
in Dulbecco's modified Eagle's medium (DMEM; Life
Technologies) supplemented with 10% fetal calf serum
(Invitrogen), 100 units of penicillin, 100 μg mL�1 streptomycin
and 1 mM pyruvate (all Life Technologies) in a humidified
incubator with 5% CO2 at 37 �C (Labotec, Germany). Human
mesenchymal stem cells were cultivated in DMEM supplemen-
tedwith 20% fetal calf serum (Invitrogen), 100 units of penicillin,
100 μg mL�1 streptomycin and 1 mM pyruvate. Nanoparticles
were added in a concentration of 150 μgmL�1 for the indicated
time. The indicated concentration of 150 μg mL�1 was chosen
because of the high yield of endosomes after their magnetic
isolation. After nanoparticle incubation, cells were fixedwith 4%
paraformaldehyde and 0.025% glutaraldehyde for 20 min (both
Sigma-Aldrich). Cell permeabilization was conducted with 0.1%
saponin (Sigma-Aldrich) for 10 min at room temperature (RT).
Blocking was performed by the incubation of 3% BSA for 10min
at 37 �C. The primary antibodies were incubated for 60 min in
1% BSA at 37 �C. After a wash step, the respective secondary
antibody was applied for 30 min in 1% BSA at 37 �C. For the
detection of lipid droplets, we used guinea pigR-TIP47 (Progen,
Germany). For detection of Pmel17 after overexpression, we
used a NKI/beteb antibody (Abcam). Detection of Cathepsin D,
Lamp1 and Lamp2 was performed with antibodies from BD
Biosciences. For immunostaining, cells were seeded in Ibidi
iTreat μ-dishes at 15 000 cells cm�2. Cells were imaged by
confocal laser scanning microscopy using a commercial setup
(LSM SP5 STED Leica Laser Scanning Confocal microscope, Leica
Microsystems, Germany) consisting of an inverse fluorescence
microscope DMI 6000 CS equipped with a laser combination
and with five detectors operating in a range of 400�800 nm. A
HCX PL APOCS 63�/1.4�0.6 oil objectivewas used. Nanoparticles
(pseudocolored red) were excited with an argon laser (20 mW;
λ = 514 nm) and detected at 530�545 nm. Secondary antibodies
were excitedwith a 488nmHeNe laser (pseudocoloredgreen) and
detected at 510�525 nm in a sequential scanning mode. Image
analysis was performed with LAS AF software (Leica, Germany).
Live cell imaging: cells were incubated with 150 μgmL�1 SPIOPSN
for the times as indicated. Cells werewashed with DMEM and PBS
and analyzed by confocal microscopy. Vesicular marker proteins
were pseudocolored green, whereas SPIOPSN were pseudoco-
lored red. Live cell imaging was performed with the XYT mode of
the LAS AF software (Leica). Recording of z-Stacks was conducted
in a step-size of 300 nm.

Fluorescence Activated Cell Sorting (FACS) and Inhibitor
Studies. Nanoparticle uptake was quantitatively measured by
fluorescence activated cell sorting (FACS). HeLa cells were

seeded at 15 000 cells cm�2 and incubated with 150 μg mL�1

magnetic nanoparticles for the respective time. Then, cells were
washed with DPBS (Life Technologies), trypsinized and for-
warded to FACS measurements. Flow cytometric analysis was
performed using a CyFlowML cytometer (Partec, Germany)with
a 488 nm laser for the excitation of BODIPY and a 527 nm band-
pass filter for emission detection. Cytotoxicity was measured
staining the cells with 28.6 mg mL�1 7-aminoactinomycin D (7-
AAD). Excitation of 7-AAD was conducted at 562 nm and
emissionwasmeasured at 682 nm. Data analysis was performed
using FCS Express V4 software (DeNovo Software) by selecting
the counted cells on a forward/sideward scatter plot, thereby
excluding cell debris. These events were further analyzed for
uptake. Median intensity was determined in triplicates. Inhibitor
experiments: in experiments with small molecule inhibitors, cells
were pretreated for 30�45 min with the indicated concentra-
tions of the inhibitors (Sigma-Aldrich), washed and then incu-
batedwith nanoparticles for 5 h. The solvent served as a control.
The stocks of the inhibitors were at least 1000-fold concentrated
and freshly prepared before the experiments. Cytochalasin D,
IPA-3, Wortmannin, Ly294002, dynasore, EIPA, chlorpromazine
and nocodazole (all Sigma-Aldrich) was solved in molecular
grade DMSO. Methyl-b-cyclodextrin was dissolved in water
(Sigma-Aldrich).

Transfections, Nucleofections, siRNA, and Used Plasmids/
Markers. HeLa cells were transfected 24 h before adding the
SPIOPSN (150 μg mL�1) using the standard protocol of Fugene
HD (Promega). We used a transfection agent/DNA ratio of 3:1 in
all experiments. Ready to use Pmel17-pCMV6-XL5 was used for
transfection (Origene). pcDNA3-EGFP-Rac1-Q61L, pcDNA3-
EGFP-Cdc42-T17N was kindly provided by Gary Bokoch.63

pcDNA3 HA Arf1 DN T31N was kindly provided by Thomas
Roberts.64 pcDNA3-EGFP-Cdc42(Q61L) was provided by Klaus
Hahn.65 Alpha 5 integrin-GFP was provided by Rick Horwitz.66

Channing Der provided GFP-RhoB.67 GFP-Rab5DN(S34N) was
provided by Sergio Grinstein.68 pEGFP VAMP7 (1�220) was
provided by Thierry Galli.69 Rab5-GFP and Rab7-GFP were
provided by M. Zerial (Max Planck Institute of Molecular Cell
Biology and Genetics). Dynamin2 K44A, Cav1-GFP and Epsin
DIII-GFP were provided by Addgene. Transfection was per-
formed using Fugene HD (Lonza). siRNAs were nucleofected
with an Amaxa Nucleofector 4D (Lonza, Switzerland) as de-
scribed by themanufacturer. Nucleofection efficiency (95�99%
siRNA loading) was verified with a AF555 coupled siRNA by flow
cytometry. siRNA sequences: CD82-siRNA, GCCCUCAAGGGU-
GUGUAUATT (Ambion); CD81-siRNA, UGAUGUUCGUUGGCUU-
CGUTT (Eurofins, Germany); CD9-siRNA, GGAGUCUAUAUUCU-
GAUCGTT; CD63-siRNA, UAUGGUCUGACUCAGGACAAGCU-
GUTT (Ambion, Germany). Flotillin-1-siRNA (Santa Cruz, sc-35391);
Caveolin-1-siRNA, GCCGUGUCUAUUCCAUCUATT (Ambion); Clag-
thrin-HC-siRNA, UAAUCCAAUUCGAAGACCAAUTT (Eurofins);
cdc42-esiRNA (Sigma-Aldrich). Negative controls were mock
transfected. Fluorescent tracer ofmacropinocytosis: AF 488dextran
(10 kDa; Life technologies).

qPCR and Western Blot of Knockdowns. RNA isolation was
performed 48 h after siRNA knockdown with the RNAeasy mini
kit (Qiagen, Germany). cDNA synthesis was performed with
iScript cDNA synthesis kit (Biorad, Germany). SYBR green super-
mix was used for all measurements (Biorad, Germany). The
following primers were used: CD82-for, ACTGGACAGACAAC-
GCTGAG; CD82-rev, GTTGTCGGAAAGACACTCCT; CD81-for,
CTCCAGCACACTGACTGCTT; CD81-rev, TCGTTGGAGAAGTTCC-
TCCT; CD9-for, GCATGCTGGGACTGTTCTTT; CD9-rev, TAAGG-
GTGTTCCTACTCCAC; CD63-for, CGAAAAACAACCACACTGCT;
CD63-rev, TTTAGGGAAGGTACAGCTTC; Flotillin-1-for, GCATTG-
CCCAGGTAAAAATC; Flotillin-1-rev, CTTCTGCCTCCGACTCTAAC;
Caveolin-1-for, GCGACCCTAAACACCTGAAC; Caveolin-1-rev,
TGTGTGTCAAAAGTGCCGTA; Clathrin-HC-for, GAGCCTCTTGCT-
GACATCAC; Clathrin-HC-rev, TTATTAGCGGGTAGACTTCC; GA-
PDH-for, AAGGTGAACGTCGGAGTCAA; GAPDH-rev, GGTAGT-
TACTGGGGAAGTAA. (Eurofins MWG Operon, Germany). The
following primers were used for ER stress measurements and
DMT1 measurements: Grp94-for, TATGTGCGCCGTGTATTCAT
and Grp94-rev, GGGGAGATCATCTGAGTCCA; Grp78-for, TAGTG-
CAAGCTGAAGGCTGA and GRP78-rev, GGGCTGGAGTACAG
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TGGTGT; Xbp-1-for, CTGGAACAGCAAGTGGTAGA and Xbp-1-rev,
CTGGGTC CTTCTGGGTAGAC; DMT1-for, TGAATGCCACAATACGA-
AGG and DMT1-rev, ATAAAGCCACAGCCGATGA. As reference,
actin-for, TCGTGCGTGACATTAAGGGG and actin-rev, GTACTTG-
CGCTCAGGAGGAG were used . qPCR was performed in a Biorad
CFX96 instrument and analyzed by the ΔΔCt method. Western
Blot: protein samples were blotted on PVDF membranes
and analyzed with anti-CD81 (Santa Cruz, CA), anti-Clathrin
HC (BD Biosciences), anti-GAPDH (Abcam), anti-Flotillin-1 (BD
Biosciences), anti-CD63 (Biolegend), anti-Caveolin-1 (Santa Cruz,
CA), and anti-NPC1 (Abcam).

Magnetic Separation of Vesicles. For purification of vesicles,
cells were loaded with SPIOPSN. A total of 150 μg mL�1 of the
nanoparticles was added to 1.8� 107 HeLa cells growing in the
exponential phase (DSMZ, Germany) for 20 h at 37 �C and 5%
CO2. Cells were thoroughly washed 10 times with 100mL of PBS
(Life technologies) to remove extracellular particles and debris.
After the neutralization of trypsin with cell culture medium,
further washes were conducted. Cell disruption was performed
using a 27 G needle (BD Biosciences) during exactly 35 strokes
under microscopic observation. Here, intact vesicles were re-
leased from the cytosol. This step was performed on ice and in
0.5 mL of PBS with complete protease inhibitor (Roche,
Switzerland). Cell debris was removed by centrifuging the
sample for 5 min at 453g at 4 �C. The supernatant was
recentrifuged until no pellet was detectable. The brownish
cytosolic supernatant was then injected into a custom-made
magnetic sorting device with a strong neodymium magnet
(Q-60-30-15-N, Supermagnete, Germany). Magnetic sorting was
conducted over 12 h under cooling and in the presence of
protease inhibitors over a magnetic field distance of 10 cm. The
small magnetic pellet was carefully washed five times with 3mL
of PBS (with protease inhibitor). For quality control, parts of the
magnetic pellet were transferred to transmission electron mi-
croscopy and checked for nonvesicular impurities. For label-free
quantitative LC�MS, nanoparticle associated proteins were
solubilized in 25 μL of lysis-buffer (7 M urea, 2 M thiourea, 4%
CHAPS). After solubilization, nanoparticles were pelleted for
30min at 20000g and the supernatant was forwarded to LC�MS
analysis. The nonmagnetic fraction was treated comparably.
Mouse experiments: 2 mg of SPIOPSN was tail-vain-injected into
BALB/C mice (n = 3). After 20 h of SPIOPSN exposure, peripheral
blood, spleen, liver and kidney were isolated, and single cell sus-
pensions were obtained using a cell strainer. Cells were magne-
tically separated by MACS columns and forwarded to confocal
microscopy for qualitative analysis.

Transmission Electron Microscopy Using High Pressure Freez-
ing As Fixation Method. To visualize the SPIOPSN nanoparticles
at high resolution in cellular environment, we applied trans-
mission electron microscopy of HeLa cells treated with
150 μg 3mL�1 of the particles for 24 h. Before treatment, cells
were left to grow for 48 h after seeding onto 3 mm Ø sapphire
discs at a density of 15 000 cells 3 cm

�2 in a 24-well plate. At the
end of the incubation period, cells were fixed by means of high
pressure freezing using a Compact 01 HPFmachine (Wohlwend
GmbH, Switzerland). Subsequent freeze-substitution was con-
ducted using a Leica EM AFS 2 device (Leica Microsystems,
Germany). The substitution medium contained acetone p.a.,
0.2% osmium tetroxide, 0.1% uranyl acetate and 5% water and
was precooled to �90 �C before samples were added. After
freeze-substitution, samples were washed twice with acetone
p.a. and finally embedded into EPON 812 resin. Ultrathin
sectioning of the embedded samples was performed using
a Leica Ultracut UCT (Leica Microsystems, Germany) and a
diamond knife. Examination of thin sections was conducted
using a FEI Tecnai F20 transmission electron microscope
(FEI, USA) operated at an acceleration voltage of 200 kV. Bright
field images were acquired using a Gatan US1000 slow scan
CCD camera (Gatan, Inc.).
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