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Novel insights in nanoparticle (NP) uptake routes of cells, their intracellular trafficking and subcellular targeting
can be obtained through the investigation of their temporal and spatial behavior. In this work, we present the
application of image (cross-) correlation spectroscopy (IC(C)S) and single particle tracking (SPT) to monitor
the intracellular dynamics of polystyrene (PS) NPs in the human lung carcinoma A549 cell line. The ensemble
kinetic behavior of NPs inside the cell was characterized by temporal and spatiotemporal image correlation spec-
troscopy (TICS and STICS). Moreover, a more direct interpretation of the diffusion and flow detected in the NP
motion was obtained by SPT by monitoring individual NPs. Both techniques demonstrate that the PS NP transport
in A549 cells is mainly dependent on microtubule-assisted transport. By applying spatiotemporal image cross-
correlation spectroscopy (STICCS), the correlated motions of NPs with the early endosomes, late endosomes
and lysosomes are identified. PS NPs were equally distributed among the endolysosomal compartment during
the time interval of the experiments. The cotransport of the NPs with the lysosomes is significantly larger
compared to the other cell organelles. In the present study we show that the complementarity of ICS-based
techniques and SPT enables a consistent elaborate model of the complex behavior of NPs inside biological
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systems.
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1. Introduction

Nanoparticles (NPs) are defined as particles with at least 50% in the
number size distribution having one or more external dimensions in the
size range between 1 nm and 100 nm [1]. The study of the interaction of
NPs with living systems is of steadily growing interest. Since NPs are in
the same order of magnitude as biomolecules and viruses, they can eas-
ily enter cells and interact with the cellular machinery [2-5]. Although
NPs hold great promise for new nanoscaled diagnostics and targeted
drug delivery in biological systems [6], they may also provoke toxic
side effects [7]. NPs enter cells predominantly through a complex inter-
play of endocytic pathways and thereafter travel throughout the cell by
using its endocytic machinery [8,9]. Primary endocytic vesicles can fuse
together with the early endosomes to deliver the cargo for further cellu-
lar processing [10]. Early endosomes move towards the perinuclear
space, where the transition towards the late endosomes takes place.
Finally, the late endosomes fuse with the lysosomes [11]. The
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intracellular transport of vesicles and cell organelles is mediated
through both the microtubules and the actin microfilaments [12]. By
studying the trafficking of NPs within living cells and cell organelles,
novel insights in NP uptake processes, intracellular transport and their
multiple outcomes can be obtained [13].

In the present study, the application of image correlation spectrosco-
py (ICS) for the determination of interactions of fluorescently stained
carboxylated polystyrene (PS) NPs within the cell is presented. PS NPs
are commonly used as model NPs to study interaction with biological
systems due to their commercial availability, high quality and wide
variety of sizes and surface chemistries [8]. ICS is a fluorescence-based
microscopic technique suitable for defining the diffusion and directed
motion on time scales ranging from microseconds to milliseconds
[14-16]. This information is obtained from the fluctuations of the
fluorescence intensity within a region of interest (ROI) of a time-lapse
image series. Various ICS variants exist which differ in the way how
the fluorescence fluctuations in the image series are analyzed. Where
in temporal ICS (TICS), fluorescence fluctuations in time for the record-
ed pixels of an image series are exploited for the correlation analysis [15,
17], spatiotemporal ICS (STICS) correlates fluorescence fluctuations
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both in space and time [15,18,19]. With these techniques the diffusion
and/or flow (magnitude and direction) of molecular complexes can be
monitored. They have been used in previous studies to quantify the
intracellular transport of the photosensitizer PVP-hypericin, polyplexes,
lipoplexes and silica NPs [20-23]. Interaction between molecular
complexes is investigated by spatiotemporal image cross-correlation
spectroscopy (STICCS) in which space-time correlation functions from
the fluorescence intensity fluctuations within a two-channel fluores-
cence image series are correlated [24]. This approach is used here to
study the association of NP complexes with cell organelles. Besides
these ensemble averaging techniques, single particle tracking (SPT)
can be used to quantify the individual NP motions, which registers
and tracks the NP frame by frame [25], as demonstrated for gene
nanocarriers and polymeric NPs [26,27].

Here we report on the intracellular dynamics of fluorescently
stained carboxylated PS NPs in human alveolar epithelial A549 cells,
mimicking the biological responses of lung cells to NP exposure,
which is highly relevant for both nanomedicine and nanotoxicology as
inhalation is one the major entry routes of NPs to the human body.
TICS and STICS were used to characterize the diffusion and map the
flow magnitude and direction of PS NPs inside the cell. PS NP motions
were also analyzed by SPT, which facilitated in the translation of these
general motion models to effective NP dynamics created by biological
processes. This was corroborated by dynamic interactions of NPs with
the early endosomes, late endosomes and lysosomes established and
quantified with STICCS. In addition, the role of cytoskeleton in the NP
transport was explored by means of ICS and SPT.

2. Materials and methods
2.1. Cell culture

The human alveolar epithelial A549 cell line was routinely main-
tained in modified eagle's medium with glutamax (MEM, Gibco, Paisley,
United Kingdom) supplemented with 10% non-heat inactivated fetal
bovine serum (FBS, Biochrom AG, Berlin, Germany) and 1% penicillin/
streptomycin (P/S, Gibco) at 37 °C under 5% CO,. Before reaching conflu-
ence, cells were washed with versene (Gibco) and detached using 0.05%
trypsin containing 0.02% EDTA (Sigma-Aldrich, Ayrshire, United
Kingdom).

2.2. Nanoparticles

Dark red (\EX 660, NF™ 680) fluorescent carboxylated polystyrene
nanoparticles (PS NPs) were purchased from Molecular Probes
(Invitrogen, Merelbeke, Belgium). PS NPs were characterized by dy-
namic light scattering (ZetaPALS, Brookhaven Instruments Corporation,
Holtsville, USA), yielding a mean hydrodynamic diameter of 116 +
1 nm (polydispersity index (PDI) of 0.19) in water and 152 & 2 nm
(PDI of 0.18) in complete cell culture medium.

2.3. Cell exposure

The cells used for microscopic observation were plated one day
before the experiment in 8 well p-Slide (Ibidi GmbH, Martinsried,
Germany) at a density of 30 x 10> cells/cm?. Cells were exposed for
30 min to 50 pg/ml of PS NPs diluted in MEM containing 10% FBS, but
without phenol red and without P/S at 37 °C under 5% CO,. After expo-
sure, cells were washed 3 times to remove the PS NPs that were not
taken up by the cells and STICS/TICS measurements were conducted.
In order to disturb the cytoskeleton mediated transport within the
cell, 1 pM latrunculin A (Merck Millipore, Overijse, Belgium) and
20 uM nocodazole (Sigma-Aldrich) were added to the culture medium
after NP treatment and washing. After incubation for 30 min, STICS/
TICS measurements were performed. For the STICCS measurements,
the cells were labeled prior to PS NP exposure with organelle specific

dyes. 1 uM LysoTracker® Green DND-26 (Molecular Probes) was
added for 30 min. CellLight® Early Endosomes-GFP (Molecular Probes)
or CellLight® Late Endosomes-GFP (Molecular Probes) were added to
the cultures in a final concentration of 25 particles per cell 24 h prior
to the experiments, according to the manufacturer's protocol.

2.4. Immunofluorescence

For visualization of the tubulin and F-actin cytoskeleton, cells
exposed to PS NPs, latrunculin A and/or nocodazole were fixed with
4% formalin (Sigma-Aldrich). Cells were permeabilized with 0.5%
Tween®20 (Sigma-Aldrich) in PBS for 10 min, and blocked with 0.1%
Tween®20 and 2% bovine serum albumin (BSA, Sigma-Aldrich) for
30 min. Subsequently, cells were incubated with mouse anti-tubulin an-
tibodies (T9026, Sigma-Aldrich) for 30 min. After washing the unbound
fraction, donkey anti-mouse antibodies conjugated with Alexa Fluor®
488 and CytoPainter Phalloidin-iFluor 555 Reagent (Abcam, Cambridge,
UK) were applied for 30 min. Finally, after rinsing the sections exten-
sively, Vectashield® mounting medium containing 4’,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Peterborough, United
Kingdom) was added.

2.5. Confocal microscopy

Image time-series were acquired using an epifluorescence Axiovert
200 M equipped with a Zeiss LSM 510 Meta confocal laser scanning
unit (CLSM, Zeiss, Jena, Germany) and a LD C-Apochromat 40x/1.1 W
Korr UV-VIS-IR water immersion objective (Zeiss), placed on a
vibration isolation table in an air-conditioned room kept at constant
temperature. Cells were kept at 37 °C by the means of a stage incubator
(Tempcontrol 37-2 digital, PeCon, Erbach, Germany). Alexa Fluor® 488,
CellLight® Early Endosomes-GFP, CellLight® Late Endosomes-GFP and
LysoTracker® Green DND-26 were excited with the 488 nm line of an
argon ion laser. CytoPainter Phalloidin-iFluor 555 was excited with a
543 nm helium-neon laser. Dark red PS NPs were excited a 633 nm
helium-neon laser. DAPI was excited using a 150 fs pulsed laser light
of a Ti:Sapphire laser (MaiTai DeepSee, Spectra-Physics, California,
USA) tuned at an output wavelength of 730 nm. The excitation light
was directed to the sample by a dichroic beam splitter (HFT UV/488/
543/633). For the detection and separation of the different emitted
fluorescence signals, a secondary dichroic beam splitter NFT 545,
as well as four band-pass filters BP 390-465 (DAPI), BP500-550
(Alexa Fluor® 488, CellLight® Early Endosomes-GFP, CellLight®
Late Endosomes-GFP, LysoTracker® Green DND-26), BP565-615
(CytoPainter Phalloidin-iFluor 555) or BP650-710 (dark red PS NPs)
were used. Signals were directed towards an internal analog
photomultiplier tube of the confocal unit. Confocal pinhole was set to
a maximum of 1.5 Airy units to provide sufficient z-sectioning. Each
image time-series comprised typically 100 frames with a 512 by 512
resolution, a pixel size between 40 and 120 nm, a frame rate of
0.63 Hz without extra time delay between subsequent frames, and a
pixel dwell time of 2.51 ps.

2.6. Image (cross-) correlation spectroscopy and colocalization analyses

A brief review of image correlation spectroscopy is given in the
Supporting Information. Image (cross-) correlation spectroscopy
analysis was performed using custom written MATLAB routines (The
MathWorks, Eindhoven, The Netherlands), based on the original work
of the Wiseman Research Group (McGill University, Canada). The
original routines and details of analysis have been published before [18,
19,24,28-31]. Immobile populations within the image series were
removed by the means of Fourier-filtering [18]. Due to the flat
morphology of the A549 cells, only two-dimensional dynamics were
considered.
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The central subregion of the spatial autocorrelation of each image in
the time series was fit by a two-dimensional Gaussian function yielding
the zero-lag amplitude G(0,0,0) and the e ™2 radius of the point spread
function (PSF) of the laser beam , [18,31]:

2
G(E.1,0) = G(0,0.0) EXp{ _§ ;jlz} e 0
0

where € and 1 denote to the spatial lags in x and y directions, respective-
ly, and where G.. is the longtime offset.

In TICS, the temporal autocorrelation function, G(0,0,7), was fit to
the decay models introduced by Hebert et al. for two-dimensional
diffusion and/or flow [18]. Among these models, one single species
undergoing both diffusion and flow gave the best fit to G(0,0,7):

G(0,0,7) = G(0,0,0)(l +%> . exp{— (%)2 (1 +%> _1} 4G ()

where vyand 7p refer to the flow velocity and the characteristic diffusion
time, respectively.

<wg> represents the average of e~2 radius of the point spread
function (PSF) of the optical setup. The value of <wy> was calculated
by averaging the individual wq obtained from fitting Eq. (1) for every
image in the time series.

The diffusion coefficient (D) was obtained from the characteristic
diffusion time, 7p and <wy> according to:

(o)
B 4TD '

D 3)

For all pairs of images separated by lag-time 7, the spatiotemporal
autocorrelation function in STICS is defined by:

_ 2 _ 2
G<g—A:;n—An,r>=G<A§,An7r>exp{——“g 48+ (n—dn) }+Gw- (4)
Wo(T)

The time-dependent amplitude G(AE, An,7), the position of the
Gaussian peak (Ag, An) in lag-space and the spatial offset parameter
G.. were obtained by fitting the experimental data. The displacement
of the Gaussian peak over time provides vectorial information about
the flow (Vspcs) and was always fit to the first linear part detected
[18]. The determination of the magnitude of the flow by STICS is more
accurate than by TICS [23].

The fitting scheme weights the correlation from each pair of images
equally. As photobleaching can affect the primary data [17,32], the
autocorrelation function in the presence of photobleaching, Gy
(0,0,7), was corrected as follows [32]:

Gpy(0,0,7)

, b _ p—kt 5
b(t)b(e+ 7)), W e

pr—corrected (Oa 0, T) = <

where b(t) is the time course of particle number concentration during
the measurement normalized to the initial concentration; k is the
bleaching rate constant with reciprocal time units.

In order to investigate the association between PS NPs and cell or-
ganelles, the cross-correlation scheme (STICCS) was employed [18,19,
24]. STICCS is based on the image time series in space and time collected
in two fluorescence detection channels, a from the PS NPs and b from
labeling of the cell organelle, yielding the cross-correlation function
Gap(§M,7) (see Supporting Information) [15].

The space-time evolution of the cross-correlation function was
characterized by locating the maximum of G,(§1,7) and fitting with a
Gaussian function as presented in Eq. (4). If at zero time-lag the cross-
correlation between the two detection channels is non-zero, the two
species (PS NPs and organelle specific dye) are in association [18].

However, non-zero cross-correlation values do not automatically
imply direct interaction [18]. In the case of stationary particles, the
cross-correlation stays unchanged for all values of 7 and centers at
(§ = 0,m = 0). Changes over time in the number of interacting and/or
correlating particles that are at the same location in space will be
reflected in the cross-correlation function as described for STICS.

From the recorded confocal time-lapse movies image subsections of
64 x 64 pixels in size were selected from different regions in the cell for
STICS, TICS and STICCS analyses. Median values were taken from at least
10 regions inside the cell as an estimate for the average motion per cell.
For STICCS, the absence of cross-talk between the fluorescently labeled
cell organelles and the NPs was verified.

Stage drift was assessed by performing the STICS analysis to fixed
beads (Invitrogen, PS-Speck Microscope Point Source Kit, nominal di-
ameter 175 nm) mounted on a coverslip under the same environment
and set-up as in the actual experiments. The magnitude of the stage
drift was about (1.5 + 0.1) x 10~ umy/s. STICS analysis was performed
on the entire image (512 x 512 pixels) giving an estimate of the exper-
imental cell motions and stage drift. Velocities obtained from individual
regions within cells were corrected accordingly.

Colocalization analyses of nanoparticles with organelles was also
performed by calculating the Manders' overlap coefficients M1 and
M2 by using the JACoP plugin in Image] (National Institutes of Health,
Bethesda, United States) [33,34]. Prior to the colocalization analysis,
the threshold was set to the estimated value of the background.
Subsequently, the M1 and M2 colocalization coefficients were defined
by Egs. (6)-(7) with A; and B; the signal intensity above a selected
threshold of pixel number i obtained from the channel representing
respectively the organelle type and nanoparticles:

Ml - Zi Ai,coloc (6)

- Zi A;

where A; coroc = A; if Bi> 0 and A;coioc = 0 if B; = 0 and

Mz _ Zi Bi.wloc (7)
Zi Bi

where B coioc = Bi if A; > 0 and B co10c = 0 if A; = 0. Obtained overlap
coefficients are not dependent on the relative intensities of each chan-
nel [33]. Cross-talk between the double labeled cells was found to be
negligible.

2.7. Single particle tracking

SPT analysis was performed on the same experimental data of PS
NPs as used for ICS analysis. Particles were localized in each frame by au-
tomated tresholding and Gaussian fitting [35]. Trajectories were
constructed by connecting particle locations in subsequent frames,
while minimizing the total square displacement [36]. For all trajectories,
containing at least 12 displacements, the mean square displacement
(MSD) <r?> was determined over all pairs of points for the available
time lags. Each trajectory provided an estimator of the diffusion
coefficient D, by linear least squares fitting of the MSD in function of
the first three time lags (t; — 3) according to 2D Brownian motion:

<r2> = 4Destt]73 (8)

Particle trajectories not displaying an increase in MSD over increas-
ing time lags were considered to be immobile (I) and the corresponding
values were excluded from the distribution of D.. Segments of directed
motion were identified in particle trajectories by a scanning window
analysis [37]. Elongated trajectory sections were identified based on
the radius of gyration and identified as directed motion if the net
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displacement (R) was sufficient according to:

R>+\/4D,t 9)

where D, represents the diffusion coefficient Des averaged over all tra-
jectories of the non-treated, control condition (0.011 & 0.001 um?/s)
and t is the duration of the time section. The distance of the section
was quantified as the scalar sum of all first order displacements within
t. The speed was obtained by dividing the distance by duration. All image
processing and consequent analyses were performed by in-house
developed MATLAB routines.

2.8. Statistical analysis

Statistical analyses were performed by GraphPad Prism version 5.00
(GraphPad Software, San Diego, California, USA). Student's t-tests were
performed in order to investigate the effect of nocodazole and
latrunculin A on the flow and diffusion values obtained from STICS,
TICS and SPT. A Kruskal-Wallis test was performed to compare the
correlated motion velocities of PS NPs with the cell organelles. Results
with p-values smaller than 0.05 were considered to be statistically
significant.

3. Results and discussion
3.1. Nanoparticle dynamics within cytosol

PS NPs can enter A549 cells through multiple endocytic pathways [8,
9,38]. The subsequent phenomena of non-directed and possible
directed motion of PS NPs within the cytosol of A549 was investigated
by STICS and TICS. Fig. 1 displays for a typical cellular region (region 1
from Fig. 2a) the STICS spatiotemporal autocorrelation function
(STACF) at T = 0, 20 and 40 s (Fig. 1a), the time evolution of its peak
position (Fig. 1b) and the TICS temporal autocorrelation function
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(TACF) (Fig. 1c). Fitting for the displacement of the Gaussian peak
yielded the velocity Vspics = 7.4 x 1073 pm/s (v = 6.2 x 1073 um/s;
v, =41x 102 umy/s) (Fig. 1b, using only the linear part of the traces).
Fitting the TACF with a model for diffusion and flow yields the diffusion
coefficient Dpycs = 0.8 x 10~ pm?/s when the flow magnitude was
fixed at the obtained value for Vsycs (Fig. 1¢). The same STICS and
TICS analyses were executed for the different regions inside the cell
(Fig. 2, Table S1). The velocity mapping shows locally directed motion
of different magnitudes for intracellular NP transport, where the median
of the flow and diffusion values inside the cell equal to Vsyics (N= 1) =
9.9 x 1073 um/s and Dyics (N = 1) = 18.5 x 10~ > um?/s. Values obtain-
ed from different biological cells (N = 5) were averaged over the medi-
an of each cell, resulting in Vsyies (N = 5) = (9 + 2) x 107> um/s and
Drics (N = 5) = (8 + 3) x 1072 um?/s (average + SEM); Table 1).
These values are in close agreement with the velocity and diffusion
acquired from polyplexes in CHO-K1 cells studied with STICS [22]. In
contrast, the values are respectively 10 times and 5 times smaller than
the results obtained with STICS for SiO, NPs in A549 cells and polyplexes
in HeLa [20,21]. Little is known about the influence of NP exposure on
the regulation of the endocytic pathways and the speed of vesicle
trafficking. For that reason, the divergence can possibly be attributed
to the differences in exposure time, the type of NP or their uptake
pathways.

The intracellular transport of vesicles and cell organelles is mediated
through both the microtubules and the actin microfilaments [12]. In
order to explore the role of these cytoskeleton assemblies in PS NP
dynamics, nocodazole and latrunculin A were added to the cultures
after NP internalization. Nocodazole and latrunculin A interfere with
the polymerization of the tubulin and actin cytoskeleton respectively,
significantly reducing the transport that they mediate [21,39]. Effectivi-
ty of nocodazole and latrunculin A inhibition was verified by means
of immunofluorescence (Fig. S1). Flow velocities and diffusion values
from 5 independent cells were compared to evaluate the effects of
nocodazole and latrunculin A (Fig. 2, Table 1). Nocodazole treatment
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Fig. 1. STICS and TICS analyses of PS NPs in A549 cells. Image subsections of 64 x 64 pixels were selected from different regions of the cells shown in Fig. 2a. Here region 1 is presented.
(a) Spatiotemporal autocorrelation functions G (§,1,7) (STACF) and their contour plot at different time points. (b) Time dependence of the position of the peak of the STACF. (c) The tem-
poral autocorrelation function G(0,0,7) (TACF) was fitted using a diffusion model, considering a fixed flow component as determined by STICS.
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Fig. 2. The role of the cytoskeleton in the intracellular dynamics of PS NP transport within A549 cells based on STICS and TICS analyses. Velocity mapping of NP dynamics without treatment
(a), and after treatment with 20 uM nocodazole (b) and 500 nM latrunculin A (c). Flow velocities and diffusion coefficients of the presented cells are shown in Table S1. (d-e) Frequency
distribution histograms of NP velocity and diffusion coefficient from ROIs of 5 independent cells (expressed as the normalized probability) without (control) and after treatment with cy-

toskeletal inhibitors.

dramatically reduced the motion of the PS NPs when compared to the
untreated cells. The flow velocity dropped significantly from (9 +
2) x 1073 um/s to (2.7 & 0.2) x 107> um/s (p = 0.0141), whereas the
diffusion coefficient decreased significantly from (8 + 3) x 10> um?/s
to (1.3 & 0.3) x 10~ 3 um?/s (p-value = 0.029). In contrast, latrunculin
A treatment did not affect the velocity ((8 + 2) x 103 um/s). The diffu-
sion coefficient was reduced ((2 + 1) x 10~ um?/s), although this re-
duction is not significant (p = 0.0543). These findings suggest that the
microtubules play a key role in mediating the directed transport of the
PS NPs within the cell. Moreover, it indicates that the obtained velocity
from STICS represents the activity of the microtubule motors when the
PS NPs are transported through the cell [40]. In accordance with our find-
ings, nocodazole treatment of cells exposed to quantum dots and
polyplexes was shown to abolish the microtubule associated active
transport [21,41,42], while prevention of the F-actin cytoskeleton poly-
merization with cytochalasin D did not interfere with the active trans-
port [41].

In order to pursue a more direct interpretation of the diffusion and
flow detected in the NP motion, SPT was applied on the same data
sets (Fig. 3). NPs were traced and these traces were analyzed for

Table 1

Parameters of NP motions extracted by STICS and TICS analysis. Reported values are aver-
aged over the median of the parameter values obtained for the different regions of each
cell (N = 5) and represented with standard error. The asterisk denotes significant differ-
ences of treatment compared to control conditions (*p-value < 0.05).

Motion type A549 cell treatment

Control Nocodazole Latrunculin A
Diffusion [um?/s] (8+3)x1073  (1.3+03)x10 3 2+1)x1073
Velocity [um/s] (9+2)x1073 (2.7 £02)x 1073 (8+£2)x1073

diffusion and directed motion. Analysis of the mean square displace-
ments (MSDs) reveals a broad distribution of diffusion coefficient esti-
mators, spanning four orders of magnitude (Fig. 3e), which is
analogous to the distribution of the diffusion coefficient estimators ob-
tained by TICS (Fig. 2e). This finding suggests anomalous diffusion
and/or multiple diffusion modes [43]. Furthermore, compared to the
control, the distribution of the diffusion coefficient estimators shows a
slight shift for latrunculin A and a large shift for nocodazole treatment
towards lower values. This is also reflected in the average diffusion co-
efficient estimators: control (11 + 1) x 10~3 pm?/s, nocodazole
(2.7 £ 0.2) x 10~2 um?/s and latrunculin A (7.0 £ 0.5) x 10~3 um?/s,
yielding a significant difference between control and nocodazole (p =
0.002) (Table 2). These diffusion coefficients are in the same order of
magnitude as the mean values of TICS. However, diffusion is considered
to be a thermal process and should thereby be independent of treat-
ment conditions [44-46]. The results of TICS and SPT therefore suggest
that the random walk-like behavior of the NPs is part of an active cellu-
lar capture process linked to microtubules and can be attributed to dif-
fusive interphases present in the directed transport. This phenomenon
has been described before for the cytoskeletal transport of early
endosomes [47,48]. Disruption of the cytoskeleton can, consequently,
impair track switching and therefore contribute to a change in the PS
NP apparent diffusion.

The presence of directed motion supports the notion of cellular
control over intracellular particle dynamics. Using trajectory analysis,
sections of directed motion could be identified in the particle traces
(Fig. 3a-c). Direct investigation of the trajectories shows that particles
often display saltatory motion without any overall directionality [49].
Consistent analysis of all conditions shows that this motion type occurs
frequently in control conditions 38 + 4%, but is strongly abolished
under influence of nocodazole 9 4 1% (p-value < 0.0001) (Table 2).
The approximate range of the SPT-measured directed motion speed
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directed motion sections (green) and PS NPs (red) in cells without treatment (a), or treated with 20 uM nocodazole (b) and 500 nM latrunculin A (c) are displayed. The first image of the
time series is presented. (d) The distribution of the speed of NP transport over the sections is shown per treatment. The area under the curve represents the relative contribution of directed
motion to the overall PS NP dynamics in each condition. (e) From each trajectory an estimator of the diffusion coefficient (Des:) was determined and the corresponding distribution over all
trajectories from each treatment is shown. The normalization is with respect to the total number of trajectories in each condition.

(0.1 pm/s to 0.3 um/s) under control conditions (Fig. 3d) is overlapping
with results of microtubule-assisted transport speeds of organelles and
NPs reported in the literature [40,42,50]. Also, values between 0.2 um/s
and 1.5 pm/s have been reported for the active intracellular transport of
quantum dots in A549 cells [42]. The speed and distance of the remaining
directed motion under nocodazole conditions is also significantly de-
creased compared to the control, 0.127 + 0.005 um/s vs 0.169 +
0.007 um/s (p = 0.0013) and 1.9 4 0.2 pm vs 2.71 4 0.08 um (p =
0.0011), suggesting less efficient NP transport (Table 2). Under
latrunculin A influence, the directed motion of the NPs mainly seems
to vary as a consequence of cell morphology changes (Fig. 3c). This is
corroborated by the directed motion distance being the only significant-
ly decreased parameter under latrunculin A treatment compared to
control, 2.0 4 0.2 um vs 2.71 £ 0.08 um (p = 0.0082). Latrunculin A
induced cell shrinking can be expected to reduce NP transport distance
[51].

Table 2

3.2. Colocalization of polystyrene nanoparticles with cell organelles

In order to investigate the accumulation and transport of PS NPs
within the early endosomes, late endosomes and lysosomes, the
fluorescent signals of the PS NPs were correlated with the signals of, re-
spectively, Early Endosomes-GFP, Late Endosomes-GFP and
LysoTracker® Green DND-26. The distribution and localization of PS
NPs within the endolysosomal compartment was investigated by static
colocalization analyses using Manders' overlap coefficients (Table 3,
Fig. S2). The Manders' overlap coefficients M1 and M2 describe the
colocalization of PS NPs with the cell organelle of interest [33]. M1 rep-
resents the fraction of the labeled organelle containing PS NPs, whereas
M2 represents the fraction of PS NPs associated with the labeled organ-
elle. PS NPs were almost equally distributed among the early
endosomes (18 + 2%), late endosomes (28 4+ 3%) and lysosomes
(20 + 3%) during the time interval of the experiments.

Parameters of NP motion extracted by SPT analysis. Diffusion parameters were determined by analyzing the MSD in function of time using a linear model (Eq. (8)). Sections of directed
motion were also extracted from the trajectories and individually quantified. Values reported here are averaged over mean parameter values of each cell (N = 5) and represented with
standard error. The asterisk denotes significant differences of treatment compared to control conditions (**p-value < 0.01).

Motion type Parameter

A549 cell treatment

Control Nocodazole Latrunculin A
Diffusion Dest [um?/s]? (11+1)x1073 (2.7 £02)x 1073 ** (70 £0.5) x 1073
1[%]° 8+2 7+1 441
Directed motion prevalence [%] 38+ 4 94+ 1% 2543
duration [s] 164 + 0.6 15+1 1344+ 0.8
distance [pum] 2.71 + 0.08 1.9 £ 0.2** 2.0 +£0.2**

speed [um/s]

(169 + 7) x 1073

(127 & 5) x 107 3** (150 & 10) x 1073

2 Estimated diffusion coefficient by linear least squares fitting of the MSD.
" Immobile fraction.
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Table 3

Distribution of PS NPs within early endosomes, late endosomes and lysosomes using
Manders' overlap coefficients, together with the standard error of the mean over N cells.
M1 represents the fraction of labeled organelle colocalizing with the PS NPs, whereas
M2 represents the fraction of PS NPs colocalizing with the labeled organelle.

M1 M2 N
Early endosomes 0.15 + 0.01 0.18 £ 0.02 29
Late endosomes 0.16 + 0.02 0.28 + 0.03 21
Lysosomes 0.12 + 0.02 0.20 + 0.03 18

Conventional static dual-color colocalization imaging has been
applied before to study the accumulation of NPs in specific cell organ-
elles [16,20,21]. Quantitative analysis often suffers from intrinsic user
bias in defining an intensity threshold. STICCS overcomes the limita-
tions of conventional colocalization analyses by analyzing the correlated
motion of NPs and cellular organelles. Therefore, the kinetics of poten-
tially correlated motions (dynamic colocalization) of NPs within the
endosomes and lysosomes were further explored by STICCS. Although
STICCS reveals comigrating complexes, it has to be noted however
that this does not indicate whether they are necessarily in direct contact
[24]. For each cell organelle type, a typical STICCS analysis is presented
in Fig. 4 with an image from the time-series, the contour plot of the
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Gaussian cross-correlation peak G (§n,7) for 7 = 0, 20 and 40 s, the po-
sition of G (§1,7) peak as a function of time, and the velocity mapping of
the cotransport inside the whole cell (values are given in Table S2). The
Gaussian cross-correlation peak G (§mn,7) for both endosomes and
lysosomes is very strong, indicating that correlated motions between
the PS NPs and these cell organelles were detected. The peak appears
to be mobile as a function of time and broadens by increasing time
lags, indicating that the mobile population of PS NPs cotransported
with the organelles exhibits a combination of directed movement inter-
spersed with diffusive pauses. Fitting the displacement of G ({n,7)
yields directional flow information of the colocalized PS NPs and the
cell organelle of interest (Fig. 4b—c). The STICCS analyses results show
an asymmetric peak, which could be attributed to the spatial distribu-
tion of the PS NPs and/or the asymmetric shape of the cell organelles.
STICCS analyses of the complete A549 cell, considering 512 x 512 pixels,
labeled with the organelle specific dye and the fluorescently labeled PS
NPs were performed. Lysosomes had a significantly higher cotransport
velocity ((212 £ 45) x 107> um/s, N = 18) compared to early
endosomes ((52 + 9) x 1072 um/s, N = 15) and late endosomes
((35 + 7) x 1073 um/s, N = 15) (p < 0.0001). STICS analyses on
the organelle population were performed as well in cells which
were exposed to PS NPs. Early endosomes presented Vsrics = (6 +

lysosomes
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Fig. 4. STICCS analyses of correlated motions of PS NPs with early endosomes, late endosomes and lysosomes within A549 cells. (a) Contour plot of the cross-correlation peak G (§n,7) for
T = 0,20 0r 40 s for early endosomes (ROI 16), late endosomes (ROI 17) and lysosomes (ROI 1). (b) Position of G (§1,7) as a function of 7. (¢) Dual-channel time series image with PS NPs
(inred) and cell organelle (in green) together with velocity mapping of NP correlated motions (Fig. S2). Effective flow velocities of the cotransport in all ROIs (numbered boxes) are pre-

sented Table S2.
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2) x 1073 umy/s), late endosomes Vsyics = (4 & 1) x 1073 pm/s) and
lysosomes Vsics = (5 =+ 1) x 1072 umy/s). Compared to literature, the ac-
quired velocities for the PS NP cotransport with the endosomal transport
resemble the average velocity of the early endosomes (approximately
12 x 1073 um/s) [52]. On the contrary, others report velocities of early
endosomes between approximately 400-800 x 10> um/s [53]. Vesicle
speed of late endosomes was reported approximately 250 x 10~ pum/s
[54]. The velocities obtained for the PS NP cotransport with the lysosomes
are in close approximation to the reported active transport velocities of
the lysosomes approximately 200-700 x 10~2 um/s [55-57].

Correlated flow velocities of PS NPs together with cell organelles
obtained by STICCS are remarkably higher than the velocities obtained
for PS NPs and cell organelles with STICS. Similar effects have been ob-
served with biodegradable poly L-lactic acid nanocarriers (~200 nm
size) also in A549 cells (unpublished data). STICS provides the most
accurate information on transport dynamics if the process exhibits a
unidirectional flow pattern which can be averaged over a sufficient
number of particles [18]. If, on the other hand, the organelle mediated
transport is not unidirectional, the averaged velocity determined by
STICS will underestimate the actual transport velocities. Furthermore,
if only the PS NPs associated with the organelles of interest are consid-
ered, as achieved through cross-correlation, the averaging effect is
reduced. This results in more representative values of the velocity.
These values as obtained by STICCS resemble those as recovered by
SPT when analyzing individual tracks of PS NPs. Therefore, both
STICCS and SPT provide reliable information on specific organelle medi-
ated transport of PS NPs. Despite the averaging effect in STICS, both
STICS and SPT indicate diminished PS NP dynamics upon nocodazole
treatment. This demonstrates the significance of the microtubule cyto-
skeleton in PS NP transport.

4. Conclusion

Various aspects of the trafficking of NPs inside the cells remain large-
ly unknown. Measuring their intracellular dynamics is considered as a
fundamental step in understanding their complex behavior. In this
work, we presented the application of ICS-based techniques and SPT
to characterize the directed motion and diffusion characteristics of
internalized PS NPs in A549 lung cells. We applied TICS and STICS to
characterize the diffusion, and map the flow magnitude and direction
of PS NPs inside the cell. STICS and TICS analyses were shown to be a
powerful tool for determining the ensemble kinetic behavior of NPs in-
side the cell. Moreover, when NPs are not clearly resolved, the
employed techniques can reveal information concerning their intracel-
lular movement. In addition, SPT was used in order to retrieve a more
direct interpretation of the diffusion and flow detected in NP motion
by defining the trajectories of NPs. STICS and SPT in combination with
cytoskeleton inhibitors revealed that PS NP directed motions were
strongly dependent on microtubule-assisted transport. Moreover, by
applying STICCS, we were able to detect the correlated motions of PS
NPs with the early endosomes, late endosomes and lysosomes. Both
SPT and STICCS provided information on specific organelle mediated
transport of PS NPs in A549 cells. In summary, the combination of ICS-
based techniques and SPT can obtain novel insights into the complex
behavior of NPs inside biological systems and represents a valuable
tool for both nanosafety assessment and nanomedicine.
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