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D
ue to their potential as tools to im-
prove diagnosis and treatment of
diseases, engineered nanoparticles

(NPs) have received much attention in
recent years. However, despite significant
efforts, considerable uncertainties remain
about the mechanisms by which NPs are
taken up and trafficked in cells (for recent
reviews summarizing published data as well
as discussing different approaches currently
employed, see refs 1�6). Studies on the
endocytic mechanisms potentially used
have shown NP uptake to be dependent
on NP size,7�9 shape,7,10 surface,8,10�12 and
cell type.11�14 On the other hand, studies on
intracellular trafficking have shown that
most NPs, irrespective of shape, charge,
and size, accumulate in the lysosomes,
although there are examples indicating that
NP escape from this degradative pathway is
possible.9,11,15,16 To date, most studies have
focused on identifying the point of entry
and final destination; however, for NPs to
meet their promise in the field of nanomedi-
cine, delivery to desired organs and cell types
will not be adequate, but rather the ability to
target specific subcellular compartments will
beneeded. To realize this, adeeper knowledge
and understanding of the entire intracellular
itinerary will be essential, and in the nanoma-
terial and NP field, this is a considerable chal-
lenge. Unlike biomolecules, NPs can be
constructed from a wide variety of materials,
therefore making their surfaces notoriously
heterogeneous in structure, in turn resulting
in a diversity of biological molecules (their
biomolecular corona) that can be bound to
them.17�20 It is, in principle, possible that the
original corona, combinedwithnewmolecules
picked up inside the cell, could, even if rarely,
provide the NPs with signals to allow them to
access different subcellular destinations. Stud-
ies addressing this critical concept have com-
monly used fluorescence microscopy on fixed

cells to analyze cellular localization and distri-
bution of NPs. However, clearly such ap-
proaches will only ever provide a snapshot
representing their bulk movement inside the
cell. This will mean that minor, but potentially
important, subpopulations of NPs will be over-
looked. In addition, such approach is also
known to potentially cause fixation artifacts,
particularly in regard to spatial organization
and distribution.21
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ABSTRACT

Despite the increased application of nanomaterials in diagnostics and therapeutics, methods
to study the interactions of nanoparticles with subcellular structures in living cells remain
relatively undeveloped. Here we describe a robust and quantitative method that allows for the
precise tracking of all cell-associated nanoparticles as they pass through endocytic compart-
ments in a living cell. Using rapid multicolor 3D live cell confocal fluorescence microscopy,
combined with transient overexpression of small GTPases marking various endocytic
membranes, our studies reveal the kinetics of nanoparticle trafficking through early
endosomes to late endosomes and lysosomes. We show that, following internalization,
40 nm polystyrene nanoparticles first pass through an early endosome intermediate decorated
with Rab5, but that these nanoparticles rapidly transfer to late endosomes and ultimately
lysosomes labeled with Rab9 and Rab7, respectively. Larger nanoparticles of 100 nm diameter
also reach acidic Rab9- and Rab7-positive compartments although at a slower rate compared
to the smaller 40 nm nanoparticles. Our work also reveals that relatively few nanoparticles are
able to access endocytic recycling pathways, as judged by lack of significant colocalization with
Rab11. Finally, we demonstrate that this quantitative approach is sufficiently sensitive to be
able to detect rare events in nanoparticle trafficking, specifically the presence of nanoparticles
in Rab1A-labeled structures, thereby revealing the wide range of intracellular interactions
between nanoparticles and the intracellular environment.

KEYWORDS: nanoparticles . membrane traffic . Rab GTPases . intracellular
trafficking . colocalization . live cell imaging . polystyrene particles
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Figure 1. Continued
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In order to address this deficiency, we employ rapid
time-lapse confocal imaging of nanoparticles in living
cells, in which we label various intracellularmembranes
with fluorescent reporters. Rather than relying on the
use of potentially biased and limited fixed-cell coloca-
lization coefficients, our approach takes advantage of
both the spatial and the temporal information that can
be gained from using living cells. Specifically, we con-
sider the correlated co-movement of colocalized struc-
tures and thereby provide enhanced confidence in the
colocalization metrics obtained. The recent technical
advances in fluorescence microscopy and fluorescent
probes for live cells aremaking this possible, and reports
using the temporal and spatial information to deter-
mine colocalization between NPs and intracellular
compartments are beginning to emerge.22 An addi-
tional key feature of the present approach is the use of
high-speed spinning disk confocal fluorescence micro-
scopy combined with piezo technology for fast z-sec-
tioning. This allows us to capture 3D snapshots of the
entire cell and follow individual cells over an extended
period of time. Furthermore, imaging the entire vo-
lume of the cell allows us to follow all cell-associated
NPs, which is of importance if we are to capture rare,
but potentially significant, events.

RESULTS AND DISCUSSION

Asamodel systemto testourmethodology,wechosea
well-characterized NP, specifically, fluorescently labeled
40 nm carboxylated polystyrene (for size and z-potential,
seeSupporting InformationTableS1) andHeLacells. It has
previously been shown, by us and others, that following
internalization these NPs ultimately accumulate in
lysosomes;9,15,23 however, the molecular nature of the
endocytic organelle intermediates through which they
pass has not been fully elucidated.

Initially, we labeled the cells with the well-known
lysosomal resident, lysosomal-associated membrane
protein 1 (LAMP1) fused to RFP. The cells were exposed
to a 1 min pulse of NPs after which they were imaged
every 30min up to amaximumof 3 h after NP addition.
At each time point, three consecutive, full 3D images of
the entire cell were captured (approximately 7�10 s
per frame) and then processed using image analysis
software (see Materials and Methods). Inspection of
both maximum intensity projections and single image
slices (Figure 1A,B) revealed that at early time points
the NPs displayed a largely peripheral localization
pattern, but on incubation, this changed to a juxta-
nuclear distribution. In order to make our analysis
quantitative, we next applied an object-based coloca-
lization analysis protocol (for details, see Materials and
Methods). Briefly, fluorescent objects in the 3D images
were segmented (Figure 1C), creating a digitized re-
presentation of both NPs and LAMP1-positive struc-
tures (Figure 1D). Using this image, we determined
which NP objects were localized within LAMP1-posi-
tive structures (Figure 1D). For each time point, the
data extracted from the three consecutive 3D images
were averaged in order to reduce the contribution of
false colocalization values caused by close spatial
proximity. The colocalization was calculated both as
the fraction of cell-associated NPs that colocalize with
LAMP1-labeled structures and also simply as the num-
ber of colocalized “NP objects”. We use NP objects
since the objects identified as NPs when segmenting
the images may contain one or several NPs, thus,
referring to them as NPs could be misleading. When
calculating the fraction of colocalized NPs, the intensity
data for theNP objects were used to obtain a value that
reflected the actual number of NPs. Quantification
revealed a gradual increase in the colocalization of

Figure 1. Quantitative analysis of 40 nm NP uptake and intracellular transport to LAMP1-labeled organelles over time. (A,B)
Masked outmaximum intensity projections (MIPs) of representative 3D imagesof a transiently transfectedHeLa cell immediately
after (∼15min) a shortpulseofNPs, and2hand45min later (NPs ingreenandLAMP1-RFP in red). Insets showtheXYandYZ slices
of the images in (A) showing the NPs beingmainly located at the cell surface at the first time point, and then in the juxta-nuclear
region after almost 3 h of chase. (C) Illustration of the segmentation of themasked cells. The upper row shows theMIPs of theNPs
andLAMP1-RFP for thefirst and last timepoints. The lower rowshows the corresponding segmented, digitized images. (D)Merge
of the segmented NPs and LAMP1-RFP in (C) showing the colocalized NPs in white. All scale bars represent 5 μm. (E) Time-
dependent colocalization expressed as both the fraction of the cell-associated NPs that colocalize with LAMP1 structures (black)
and as the absolute number of colocalized NP objects (red). (F) Changes over time in total numbers of cell-associated NP objects
(black) and their average fluorescence intensity (red). (G,H) Time-dependent colocalization profiles for four individual cells as
separate graphs (G) and averaged over all four cells (H). In (E�G), each time point shows the average of the three consecutive
frames acquired. In (H), each time point is the average of the three frames and the four cells resulting in a total of 12 3D frames
being averaged. The error bars in all cases represent the standard deviation of the averaged frames.
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NPs with LAMP1 over the first 90 min, reaching a
maximum value of 80%, after which time the degree
of colocalization remained constant (Figure 1E). In
addition to providing an accurate measurement of
colocalization, our method also allowed us to extract
additional information about the internalization of the
NPs into cells, including the total number of cell-
associated NP objects and their fluorescence intensity
(Figure 1F). These data provide an alternative means,

but independent of the colocalization method, to
measure the intracellular accumulation of the same
population of NPs. These analyses revealed a rapid
decrease of the number of NP objects, presumably as a
result of endosome fusion events, accompanied by an
increase in their fluorescence intensities over time
(Figure 1F). We next applied our analysis method to
more cells within the population in order to evaluate
the reproducibility of the measurements. Results from

Figure 2. Time profiles of colocalization between 40 nm NPs and Rab7 (A), Rab5 (B), Rab9 (C), and Rab11 (D) together with
representative MIP images of the HeLa cells at the first (∼15 min) and final time points (∼4 h). The colocalization values are
given as the fraction of cell-associated NPs colocalizing with each Rab. Each time point is an average of three consecutive
frames from five different cells (for individual traces, see Supporting Information Figure S1), and the error bars indicate the
standard deviation between cells. The images show both the masked out raw and the corresponding segmented, digitized
image. NPs are shown in green, Rab structures are shown in red, and in the segmented image, the colocalizing NP objects are
shown in white. All scale bars represent 5 μm.
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four independent cells revealed very similar colocaliza-
tion profiles across all the cells (Figure 1G,H), with the
kinetics of lysosomal accumulation being in good
agreement with other reported studies.9,15,23,24 Inter-
estingly, although these experiments revealed an over-
all steady increase in the accumulation of NPs in
lysosomes, the transfer rates of individual NP objects
to lysosomes were highly heterogeneous. Indeed, we
observed NPs colocalizing with LAMP1-positive struc-
tures as early as 15 min after the NP pulse, but equally
in some cells, there were also NPs seemingly still on the
cell membrane after 3 h (Figure 1A,B and Supporting
Information video S1).
These initial results confirmed the validity of our

approach and provided us with an experimental plat-
form with which to explore in greater detail the path-
way taken by NPs from cell surface to lysosomes. The
transfer of cargo betweenmembrane organelles of the
endocytic pathway is a complex process involving
multiple intermediates and a wide variety of trafficking
machinery molecules.25,26 Indeed, it still remains to be
clarified whether transport to lysosomes is a process
driven by organelle maturation or simple budding and
fusion events.27 Nevertheless, what has become clear is
that one of the major classes of proteins regulating all
intracellular traffic is the Rab family of small GTPases.28

In humans, there are approximately 60 known mem-
bers of this family, each with a specific localization
profile. Furthermore, Rabs not only function as com-
ponents of the core traffickingmachinery but they also
seem to provide specific identity to the organelles to
which they are bound.29 Previous studies have utilized
fluorescently tagged Rab proteins as organellemarkers
and determined that Rab subdomains, on endosomal
compartments in particular, provide molecular plat-
forms through which cargo is sorted.30 All membrane
structures participating in trafficking events are likely
to contain at least one Rab family member, and there-
fore, we hypothesized that, by studying the co-move-
ment of NPs with various Rabs, we would be able to
precisely establish the complete intracellular pathway
taken by NPs.
In order to explore this approach, we transfected

cells with various constructs encoding fluorescently
tagged Rab proteins associated with endosomal�
lysosomal trafficking. For our initial studies, we trans-
fected cells with a construct encodingmCherry-Rab7, a
small GTPase essential for the maturation of late
endosomes, and fusionwith lysosomes.31,32 These cells
were exposed to a 1 min pulse of NPs, followed by a
chase in NP-free medium during which time the cells
were imaged every 15 min for up to 4 h. A total of five
cells, from two independent experiments, were ana-
lyzed and averaged (Figure 2A; for the time traces
of each individual cell, see Supporting Information Figure
S1). Strikingly, the time-dependent colocalization profile
between NPs and Rab7 was almost indistinguishable

from that observed betweenNPs and LAMP1 (Figure 1H),
both showing a steady increase in colocalization up
to 90 min after which time the level of colocalization
remained constant.
We therefore extended our analysis across a number

of other relatively well-characterized Rab GTPases,
namely, Rab5A, Rab9A, and Rab11A, all associated with
various endocytic compartments.
Using the same approach as for Rab7, the time-

dependent colocalization between the NPs and each
of the fluorescently tagged Rab proteins in turn was
investigated, revealing a variety of colocalization pro-
files (Figure 2B�D; for graphs of each individual cell,
see Supporting Information Figure S1). Rab5A med-
iates endocytosis and early endosome fusion and is
found on early endosomes, phagosomes, caveosomes,
and the plasmamembrane and is generally considered
as the first Rab encountered during the internalization
process.28,33 In Rab5-overexpressing cells, we observed
an initial increase in colocalization of the NPs with this
early endosome marker, peaking at 45 min after NP
internalization, followed by a decline in colocalization
to background levels (Figure 2B). This suggests a
transient occupancy of the NPs in Rab5-labeled mem-
branes, most likely classical early endosomes, before
their release into other endocytic intermediates. Rab9
plays a role in the organization of late endosomes and
the recycling of acid hydrolase receptors from late
endosomes to the trans-Golgi network (TGN).34 The
colocalization profile with Rab9 was clearly different to
that observed with Rab5; however, it was highly similar
to that of Rab7, with an initial rapid increase followed
by a plateau (Figure 2C). Although Rab9 plays a specific
role in returningmannose-6-phosphate receptors from
late endosomes back to the TGN, it also functions as a
general organizer of late endosome subdomains.35 The
fact that we observed a steady increase in colocaliza-
tion of NPs with this marker, coincident with a decline
in the colocalization with Rab5, could suggest that NPs
are sequentially passaged through Rab5-positive fol-
lowed by Rab9-positive intermediates en route to the
lysosomes. Furthermore, the fact that we did not
observe a decline in colocalization between NPs and
Rab9 up to 4 h after NP internalization suggests that, in
addition to Rab7-positive membranes, NPs become
trapped in Rab9-positive structures. Finally, we exam-
ined the colocalization of the NPs with Rab11A
(Figure 2D). These experiments revealed a consistently
low degree of colocalization, always below 18% be-
tween NPs and this endocytic marker. In nonpolarized
cells, Rab11A is associated with endocytic recycling,36

so our lack of detection of significant amounts of NPs in
Rab11-positive membranes suggests that NPs of this
type are not easily retrieved from the degradative
pathway. This is consistent with other reports that
show that release of nanoparticles from cells is an
uncommon process.23,24,37,38
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So far, our studies have focused on the internaliza-
tion pathway taken by 40 nm carboxylated polystyrene
NPs. In order to see whether the colocalization profiles
that we observed for this particular nanoparticlewere a
general phenomenon, we also investigated the uptake
profile of 100 nm carboxylated polystyrene NPs. Similar
to the results obtained for the 40 nm NPs, these larger
particles also showed a steady increase in colocaliza-
tion with Rab7 and Rab9 (Figure 3), although the
plateau occurred significantly later after internaliza-
tion, at approximately 180min, compared to 90min for
the 40 nm NPs (Figure 2A). However, in experiments in
Rab5-overexpressing cells, we observed no sharp tran-
sient accumulation of NPs in these membranes, but
rather a very gradual increase in colocalization with
this marker, peaking at 180 min after internalization
(Figure 3). Additionally, when comparing the individual
time traces for the 100 nm NPs and Rab5 (see Support-
ing Information Figure S2), no common trend, when
compared to the 40 nmNPs, was identifiable. Together,
these results suggest that although the 100 nm NPs,
similar to the 40 nm NPs, eventually accumulate in
Rab9- and Rab7-positive compartments, there may be
differences in the early trafficking events that transfer
them from the plasma membrane, before reaching a
common acidic endosome. This is also consistent with
the view that 40 nm NPs are subjected to clathrin-
mediated endocytosis (a process itself involving Rab5),
compared to the larger particles that may use an alte-
rnative mechanism to transit the plasma membrane.9

The possibility exists that, for these larger NPs, the
internalization and trafficking steps are more hetero-
geneous in nature, as a reduced number of NPs at any
one time would be able to occupy Rab5-labeled com-
partments, compared to the case with smaller NPs. An
additional possibility worth consideration is that these
larger particles may have a requirement for additional

trafficking factors to be recruited, in turn requiring
specific gene expression events. Further systematic
analysis of the internalization process taken by various
classes on NPs, and indeed gene expression profiling,
would be needed to fully understand and explain these
observations.
Finally, we decided to challenge the sensitivity of

our system by investigating whether we could observe
the presence of NPs in membranes decorated with
Rabs not generally associated with endocytic function.
To this end, we selected Rab1A, one of the first
identified members of the Rab family. Rab1A has a

Figure 3. Time-dependent colocalization between 100 nm
NPs and Rab5- (black), Rab7- (red), and Rab9- (blue) labeled
structures. The colocalization value is expressed as the
fraction of cell-associated NPs colocalizing with each re-
spective Rab. Each time point is an average of three con-
secutive frames from five different cells (for individual
traces, see Supporting Information Figure S2), and the error
bars indicate the standard deviation between cells.

Figure 4. (A) Single frame from a live cell movie showing a
HeLa cell expressing mCherry-Rab1A (red), approximately
4.5 h after being exposed to 40 nm carboxylated polystyr-
ene NPs (green). The figure shows the maximum intensity
projection (MIP) of five optical slices. (B) Three frames from
the time-lapse video sequence (Supporting Information
video S2) showing co-movement between NPs and
Rab1A-decorated vesicles. The frames are enlargements of
the area indicated by the dashed square in (A). Upper,
middle, and lower rows show the NPs, Rab1A, and the
merge, respectively. (C) Confocal image of the same cell
following fixation and immunostaining with anti-LC3 anti-
bodies (blue). NPs are shown in green, and mCherry-Rab1A
is shown in red. The colocalization between LC3 and
mCherry-Rab1A appears as magenta, with colocalizing
structures indicated by arrows. The scale bars represent
(A) 5 μm, (B) 2 μm, and (C) 7 μm.
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well-established localization at endoplasmic reticulum
(ER) exit sites and the pre-Golgi intermediate compart-
ment (IC), where it mediates an essential role in ER-to-
Golgi trafficking.39 Strikingly, wewere consistently able
to detect clear co-movement between the NPs and
Rab1A-labeled vesicles in the majority of transfected
cells analyzed (Figure 4 and Supporting Information
video S2). The fact that we were able to detect these
colocalization events as early as 30�60 min after NP
internalization argues against the complete retrograde
routing of NPs from cell surface through endosomes
and the Golgi complex. Furthermore, we were unable
to detect colocalization between NPs and the COPI
coat complex (data not shown), a multisubunit protein
assembly present on ER-Golgi transport intermedi-
ates.40 Another possibility is therefore that Rab1 may
display an alternative, albeit minor, localization profile
in cells treated with NPs. Recently, Zoppino and col-
leagues have reported a function for Rab1B, a closely
related isoform of Rab1A in autophagy and autopha-
gosome formation.41 Autophagy is a process that can
be induced in cells to degrade specific organelles in a
controlled manner in response to stress. In our NP-
treated cells, we were able to detect numerous mem-
brane structures that were labeled with both Rab1A
and LC3 (a key autophagy regulator); however, these
membranes never containedNPs (Figure 4C). Although
our experimental approach cannot formally exclude
that autophagy is occurring in our cells, and indeed
others have reported that autophagy can be induced
by NPs,42 at least at this particular time point after
internalization, wewere not able to detect such events.
Nevertheless, our observations of membranes la-

beled with Rab1A and containing nanoparticles were
highly reproducible, as we were able to clearly detect
these colocalizing and co-moving structures inmany of
the cells examined. Recently, a new role for Rab1A in
regulating the motility of early endocytic vesicles has
been reported43 which could explain the co-move-
ment we detect. However, it is puzzling that the co-
movement is significant even 4�5 h after the NP pulse,

a time at whichmost NPs have been passaged through
the early endosomal compartments and have been
delivered to the lysosomes. Clearly more work will be
needed to further understand the role of these mem-
branes in NP trafficking. Nevertheless, the approach
and specific data that we present here highlight the
power of quantitative live cell imaging in detecting the
range of intracellular compartments that can be ac-
cessed by NPs.

CONCLUSIONS

In summary, we have developed a novel, highly
sensitive, and quantitative approach to elucidate the
precise nature of membrane compartments through
which NPs are routed following internalization into cells.
This methodology is particularly powerful as it has been
applied in living cells, allowing us to follow in real time
the relationship between NPs and various endocytic
intermediates, providing a comprehensive overview of
the complete particle traffickingprofile. Additionally, this
technology can be applied to study colocalization of
particles with any cellular marker for which a fluores-
cently tagged open reading frame is available. These
studies have revealed that 40 nm NPs rapidly transit
through Rab5-positivemembranes, before being passed
into acidic compartments decorated with Rab9 and
Rab7. Only a minor population of the internalized NPs
was detected in Rab11-positive membranes, indicating
that recycling of these NPs back to the cell surface was
not a preferred trafficking pathway. Finally by acquiring
three-dimensional information in living cells, we provide
the greatest possibility of identifying all of the particles
within cellswhich allowus todetect relatively rare events
in NP trafficking. Rare events are important observations
if we are to definitively understand how NPs interact
with the intracellular environment. These phenomena
may have important practical consequences for identify-
ing new routes out of the endolysosomal pathway, the
appreciationofwhichwill be essential if we are to further
develop nanomaterials for efficient drug delivery in a
safe manner.

MATERIALS AND METHODS
Cell Culture. All cell culture reagents were purchased from

Invitrogen Corporation/Life Technologies (Carlsbad, CA) unless
otherwise specified. HeLa Kyoto cells were cultured in Dulbec-
co's modified Eagle's medium (DMEM) with Glutamax I supple-
mented with 10% fetal bovine serum (FBS) and 5% penicillin/
streptomycin at 37 �C and 5% CO2.

Nanoparticles. Fluorescently labeled carboxylated polystyr-
ene nanoparticles (PS-COOH, Invitrogen, yellow green, 40 and
100 nm) were used without further modification or purification.
Nanoparticle size (hydrodynamic diameter) and surface charge
(zeta-potential) were measured by dynamic light scattering
(DLS) using Malvern Zetasizer Nano ZS90 (Worcestershire, UK).
Freshly prepared nanoparticle dispersions were characterized
in phosphate buffered saline (PBS) at 25 �C and in complete cell

culture medium (cDMEM) at 37 �C. DLS results are the average
of a minimum of five separate runs and are reported in
Supporting Information Table S1.

Live Cell Imaging. Typically, 15 000 cells per well were seeded
and grown in 4-well chambered coverglass slides (Lab-Tek II,
Nunc). The LAMP1-RFP fusion construct (CellLight Lysosomes-
RFP) was purchased from Invitrogen/Life Technologies and was
transfected into cells according to the manufacturer's instruc-
tions. The human cDNAs encoding the RabGTPases used in this
study have been described elsewhere44 but, for the purposes of
this study, were subcloned into the pmCherry-C1 vector
(Clontech) to generate N-terminal mCherry fusion constructs.
The mCherry-Rab constructs were transfected into cells using
FuGENE6 (Roche) according to the manufacturer's instructions.
All transfections were carried out approximately 24 h after
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seeding, and between 15 and 24 h before imaging. Cells were
washed once with PBS at 37 �C before a short pulse of exposure
to a NP dispersion in cDMEM (1min and 50 μg/mL for the 40 nm
NPs and 5 min and 250 μg/mL for the 100 nm NPs). After
removal of the NP dispersion, the cells were washed five times
with PBS at 37 �C before adding fresh cDMEM. Cells were then
imaged in a live cell imaging chamber (37 �C, 5% CO2), using a
spinning disk confocal microscopy system consisting of a CSU-
X1 spinning disk unit (Yokogawa Electric Corporation) and an
iXonDU-897-BV EMCCD camera (Andor), mounted on aNikon Ti
inverted microscope, with a motorized XY stage allowing for
multiposition and a piezo stepper for fast z-sectioning. Images
were acquired with a 100� oil immersion objective, NA = 1.45.
Laser lines at 488 and 561 nm were used to excite the NP and
RFP/mCherry fluorescence, respectively. For each field, three
consecutive z-stacks (30 optical sections) were imaged at every
time point.

For imaging of cells transfected with the mCherry-Rab1A
construct, 65 000 cells were seeded in a 35 mm μ-dish with a
grid structure (Grid-500, Ibidi). The grid structure was used to
locate the cells imaged live, following fixation and immunos-
taining (see below). Transfection and NP (40 nm) addition was
carried out as described above, and cells were imaged in our live
cell setup at different time intervals after NP exposure. The time-
lapse movies were acquired by taking 4�5 optical slices and
30�50 frames with a frame rate of 1�1.5 s.

Confocal Imaging and Immunofluorescence Staining. Immediately
after the live cell acquisition, the cells were fixed in ice cold
methanol and stained using primary mouse monoclonal anti-
bodies against LC3 (NanoTools) followed by secondary anti-
mouse antibodies coupled to Alexa647 (Molecular Probes). The
grid structure in the dishes was used to locate the cells that had
been imaged live. Confocal images were acquired with an
Olympus FV1000 system using a 60�/NA1.35 oil immersion
objective. Sequential acquisition mode was used in all cases.

Image Analysis. Masking and segmentation of the imageswas
performed using Imaris software (Bitplane). The cell or cells in
the field of view were first individually masked out to remove
adjacent cells and any NPs adsorbed to the glass surface. The
NPs in the masked region of the image were segmented with
the “spot detection” algorithm, using a Mexican hat filter for
dynamic background subtraction. The identified spots were
classified and filtered using the quality filter and occasionally in
combination with an intensity filter. All threshold values were
set manually. LAMP1 and Rab-labeled structures were segmen-
ted with the “surface detection” algorithm also using a Mexican
hat filter for dynamic background subtraction. Using the sur-
faces, these structures were rendered as fixed value homoge-
neous volumes. A NPwas determined to be colocalized with the
structure of interest if the center of its corresponding spot was
localized within that rendered volume. The colocalization can
be given as either the fraction of cell-associated NPs that are
colocalized with LAMP1 or Rab structures at each time point or
simply as the number of colocalized NP objects. The term “NP
objects” is used since the objects that are identified as NPswhen
segmenting the images may contain one or several NPs, and
referring to them as NPs could be misleading. When calculating
the fraction of colocalized NPs, the intensity data were used to
obtain a value that reflected the actual number of NPs. The
results at each time point is the average of the data for the three
consecutive frames acquired at each time point.
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