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 Trajectory-Based Co-Localization Measures for 
Nanoparticle-Cell Interaction Studies 
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of a wide range of fl uorescent probes allows the visualization 

and quantifi cation of the temporal and spatial dynamics of 

molecules and organelles, and study of physiological activities 

within living cells in real time, avoiding fi xation artifacts. 

 A prevalent tool for the analysis of biological microscopy 

images is the evaluation of co-localization between signals 

(or colors) detected in two different channels. The main 

methods to quantify co-localization include the evaluation of 

co-occurrence of signal in both channels, measurement of the 

correlation of the signals in both channels, and object-based 

co-localization relying on the co-occurrence of segmented 

structures. Early quantitative analyses of co-localization in 

microscopy images. [ 7 ]  were based on a well-established meas-

urement of the linear correlation between variables, namely 

the Pearson’s correlation coeffi cient. This coeffi cient is sym-

metric in the two signals, that is, the co-localization of the 

fi rst signal with the second is the same as the co-localization 

of the second with the fi rst. This feature may be deemed 

undesirable, however, for example in the case where one 

species is always found in close proximity to a second spe-

cies, but where the second species may also be found alone. 

This observation may be biologically important, but the sym-

metry of the Pearson's correlation coeffi cient obscures this 

information. 

 An alternative to the Pearson’s correlation coeffi cient is 

the Manders’ overlap coeffi cient, another widely used method 

to evaluate co-localization [ 8 ]  that indicates the proportion of 

the signal in a channel that coincides with the other channel. 

In contrast to the Pearson correlation coeffi cient the Man-

ders overlap coeffi cient is asymmetric in the two channels. 

However, this metric suffers from the problem that it is insen-

sitive to intensity correlation. We have recently proposed a 

new co-localization measure, weighting the co-occurrence 

of the signal with the intensity information in each pixel, [ 9 ]  

thereby minimizing some of the weaknesses associated with 

the Pearson and Manders methods. In general, each of these 

co-localization coeffi cients can be useful to quantify the 

overall co-localization between proteins in cells, [ 10 ]  but in the 

case of organelles or other distinct punctate structures (e.g. 

NPs), these can be directly identifi ed and a more accurate co-

localization value achieved using object-based compared to 

pixel-based methods. Additionally, if live cells are imaged in a 

time-lapse fashion, the analysis of the images can be enriched 

by taking account of the temporal evolution of segmented 

structures. The detection and tracking of single molecules, 

structures or entire organelles provide information about DOI: 10.1002/smll.201401849
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  1.     Introduction 

 A large number of studies in recent years have focused on 

understanding the interactions between nano-scale objects 

and biological systems. [ 1–3 ]  Of primary focus has been the 

study of uptake and, ultimately, fate of nanoparticles (NPs) 

when encountering cells. While no defi nitive molecular 

description of their internalization mechanism has emerged 

to date, [ 4 ]  a dominant role of endo/lysosomal traffi cking path-

ways after uptake is relatively well established. [ 4–6 ]  Neverthe-

less, much remains to be explored regarding NP intracellular 

localization, notably a deeper understanding of the specifi c 

intracellular compartments through which they pass. Central 

to this is the ability to use light microscopy approaches to 

make a reliable quantifi cation of NP/organelle or NP/fl uores-

cent label co-localization. 

 One of the main advantages of fl uorescence light 

microscopy is its capability of imaging live samples. As long 

as a specifi c fl uorescent label is available and the microscope 

has adequate sensitivity and speed, fl uorescence light micro-

scopy is one of the most reliable methods for understanding 

living processes. In particular, time-lapse experiments facili-

tate the study of dynamic cellular events, ranging from sub-

millisecond time-intervals to hours or even days. Analysis of 

living cells potentially produces more direct – and therefore 

more reliable – data for understanding living processes in real 

time. Individual cells can be imaged either continuously, or 

at defi ned intervals, rather than sampling at one specifi c time 

point, as is typically the case in fl ow cytometry. In addition, fl u-

orescence imaging provides a richer depth of single cell data, 

whereas methods such as colorimetric assays only provide 

mean results from a population. Furthermore, the availability 
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the dynamics of co-localization events, while simultaneously 

reducing the spurious detection of co-localization given by a 

purely transient proximity between objects. 

 Over the last few years, single particle tracking (SPT) 

has become a fundamental tool to study the dynamics of 

cellular organelles and even single molecules. [ 11–17 ]  SPT has 

also become valuable to the bio-nano fi eld, with applications 

including the characterization of dispersions of synthetic NPs 

in biologically relevant environments, [ 18 ]  the study of the 

intracellular transport of NPs, [ 19 ]  and using NPs as probes to 

track or sense biological events. [ 20–22 ]  There are several studies 

in which the advantages of using trajectories of single mol-

ecules to study molecular interactions have been described, 

for example a study of E-cadherin molecules diffusing in the 

cellular plasma membrane. [ 23 ]  At the intracellular traffi cking 

level, the internalization and fate of polymeric gene com-

plexes have also been studied with SPT techniques, evalu-

ating co-localization between these complexes and cellular 

organelles tagged with EGFP using time information from 

reconstructed trajectories. [ 24 ]  The study of dynamic events 

in cells still needs to be further developed using automated 

segmentation and trajectory analysis, in order to extract more 

signifi cant information from microscopy images. 

 In this concept paper we highlight the importance of using 

temporal information for evaluating co-localization between 

two objects. This is particularly relevant to studies on NPs, 

because their ease of detection facilitates the procedure, but 

it could equally well be applied to other punctuate structures 

found in cells. We discuss the disadvantages of static co-local-

ization measures, and illustrate how including temporal infor-

mation resolves these. We conclude with a case-study using a 

trajectory-based co-localization measure.  

  2.     Results and Discussion 

 As an illustration of the importance of including temporal 

information, we observed the behaviour of 100 nm carboxy-

lated polystyrene (PS-COOH) NPs and lysosomes in a living 

A549 lung carcinoma cell ( Figure    1  , the full movie is pro-

vided in Movie S1, Supporting Information). For this experi-

ment, the cell was previously incubated with LysoTracker 

Red (0.75 µ m  for 60 min), subsequently exposed to the NPs 

(100 µg mL –1  for 10 min), and then imaged in two dimensions 

on a spinning disk confocal microscope (see Experimental 

Section for details). Figure  1  shows two sets of intracellular 

trajectories, in which the fi rst example (lower objects) has a 

persistent co-localization, enduring throughout the 13.5 s of 

the imaging. In the second example (upper objects) the co-

localization is instead transient, the two objects initially being 

separated, coming together for approximately 2 s and then 

separating again. Naturally, if a single image was taken at a 

time when both trajectories overlap (Figure  1 b), both events 

would be counted as co-localized, thus over-estimating the 

actual co-localization.  

 To illustrate quantitatively the effect of not including 

temporal information, we can calculate the change in co-

localization according to two paradigms of motion, namely 

active and diffusive (Brownian) motion. While the detailed 

type of intracellular motion will not necessarily conform 

to either of these paradigms, they do give a sense of scale. 

To this end, consider two objects initially overlapping in an 

image, but not actually co-localized. If a snapshot was taken 

at the initial time, the two objects would appear co-localized, 

but with time the objects move away from each other and the 

(apparent) co-localization decreases. When the objects are 

separated by more than 250 nm from each other (the order 

of magnitude of the distance being set by half the wavelength 

of the light, as dictated by the diffraction limit), they will no 

longer appear co-localized. If the motion is active, the time it 

takes for the (apparent) co-localization to disappear depends 

upon the velocities involved (both the relative speeds and the 

angle of the two trajectories).  Figure    2  a shows the apparent 

co-localization as a function of observation time for sev-

eral different speeds, ranging from 1.2 µm s –1  to 25 µm s –1 . 

The particular speeds were taken from a system where the 

speeds have been measured in detail, namely for peroxi-

some movement in cultured  Drosophila  S2 cells, [ 25 ]  and cor-

respond to the lower peak in the speed distribution and 

twice the maximum speed (emulating two objects moving in 

opposite direction), respectively. In the latter case, only 0.01 

s would be enough to differentiate a spurious co-localization 

from an actual one, while for the slower motion, as shown in 

Figure  2 b, just over 0.2 s are needed.  

 For diffusive (Brownian) motion on the other hand, the 

apparent co-localization of two objects initially in close prox-

imity to one another is stochastic. Furthermore, in this sce-

nario the co-localization depends on how quickly they diffuse 

away from each other; namely their diffusion coeffi cients. 

Figure  2 b shows the (apparent) co-localization for symmetric 
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 Figure 1.    Persistent and spurious co-localization in two dimensions. a–c) Snapshots at various time-points taken from a live cell movie corresponding 
to an A549 cell labeled with LysoTracker Red and incubated with 100 nm PS-COOH green fl uorescent nanoparticles (scale-bar 1.5 µm; full movie 
provided in the Supporting Information). Reconstructed trajectories illustrate how single time-points are not enough to evaluate co-localization.
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diffusion (see Supporting Information for details), utilizing 

diffusion coeffi cients ranging from 0.001 µm 2  s –1  to 1 µm 2  s –1 , 

where the lower value would be analogous to endosomes in 

cells moving less than the typical detection noise (as can be 

estimated from the detection of NPs stuck to the glass cov-

erslip). Here we observe a decrease in the co-localization, 

refl ecting the need for temporal information in order to gen-

erate adequate co-localization measurements. For the slow 

moving objects, temporal tracking should be performed for 

at least 5 to 10 s to minimize the effect of spurious co-local-

ization, while for the faster moving objects, tracking over 1 s 

would be enough to discard spurious co-localization meas-

urements. While estimates such as those shown in Figure  2  

are somewhat idealized (for example not including the initial 

separation distance between the objects), they do indicate the 

scale of the problem – as well as the length of time needed to 

follow the objects if accurate measurements are to be made. 

 Further information about co-localization events is 

obtained if the imaging is performed in three dimensions. 

Although the study of adherent cell cultures is often simpli-

fi ed to two-dimensional approaches for many practical pur-

poses, the three-dimensional nature of cells often needs to 

be taken into account to understand cellular processes. If the 

motion of organelles is analyzed in two dimensions, measured 

speeds are going to be lower than real speeds, as the projected 

two-dimensional travelled distance is smaller than the three-

dimensional one. Another limitation of two-dimensional par-

ticle tracking has been shown by Gratton and colleagues, [ 26 ]  in 

which deformation studies of the cytoskel-

eton reveal that planar stresses produce 

strain in three dimensions, and therefore 

two-dimensional particle tracking fails to 

give accurate results. 

 As a proof of concept, we now pre-

sent a temporal co-localization analysis, 

in three dimensions, showing the intracel-

lular transport of fl uorescently-labeled 

polystyrene NPs at a single NP level in 

live cells. This analysis method is likely to 

be suitable for many other types of fl uo-

rescent NPs, as long as they are suffi ciently 

bright to be identifi ed individually, and 

their fl uorescence dispersion is reason-

ably homogeneous to allow the accurate 

quantifi cation of NPs when examining 

clusters inside organelles smaller than 

the optical resolution limit. While a tem-

poral co-localization analysis on a similar 

system has been performed previously, [ 24 ]  

this is to our knowledge the fi rst time such 

an analysis has been performed in three 

dimensions. As a system, we analyzed 

the intracellular transport of 100 nm PS-

COOH NPs in living A549 lung carcinoma 

cells, previously labeled with LysoTracker 

Red (cf. Figure  1 ). Cells were exposed to a 

concentrated NP dispersion (100 µg mL –1 ) 

for 10 min (“pulse”), followed by careful 

Phosphate Buffered Saline (PBS) washes 

and addition of fresh growth medium. The cells were then 

observed (“chased”) in a spinning disk confocal microscope 

at various times after NP exposure (see Experimental Sec-

tion for details). In order to sample the time-course of NP 

traffi cking within the cells, we selected a range of time-points 

for image acquisition and analysis, specifi cally 20 min, 45 min, 

2 h, and 3 h after the 10 min NP pulse. Longer times were not 

considered due to a decrease in the LysoTracker label quality. 

This (“pulse-chase”) experiment allowed us to follow a fi xed 

population of NPs as they transit the cell and make their way 

through the endo-/lysosomal membrane system. 

 At each time-point, 25 consecutive three-dimen-

sional images (“z-stacks”) were acquired in order to track 

NPs and lysosomes. The acquisition was limited to these 

25 three-dimensional stacks in order to avoid high degrees 

of photobleaching and subsequent photodamage to the 

cell. Future studies may explore the use of near infra-red 

probes, [ 27–30 ]  which show increased photoresistance, in turn 

further minimizing damage to the cell (or tissue). 

 These images were fi rst analysed according to well-

established co-localization methods (Pearson and Manders), 

which in essence cannot (in their traditional utilization) 

use the information stemming from the high resolution 

temporal component.  Figure    3  e shows the co-localization 

between NPs and lysosomes obtained according to these 

measures (using the temporal information at each time-

point solely to calculate deviation). While a clear trend 

of increased co-localization with time is observed for all 
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 Figure 2.    Quantitative estimate of spurious co-localization in two dimensions for active 
and diffusive (Brownian) motion. a) Schematic of two objects, initially in close proximity to 
one another, moving away from each other by active motion, together with corresponding 
theoretical co-localization as a function of observation time for several different speeds. The 
time it takes for the objects to depart depends on both the relative speed, as well as the angle 
of the trajectories. b) Schematic of two objects, initially in close proximity, diffusing away from 
each other, and the theoretical co-localization as a function of observation time for several 
different diffusion coeffi cients.
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measures, there is nevertheless a wide spread in the actual 

values.  

 We next performed a temporal co-localization analysis, by 

using the trajectories of the NPs to assess the co-localization 

with lysosomes over time. For this purpose we took advan-

tage of image segmentation to identify single NPs and cellular 

organelles from the images. Following image acquisition, the 

signals in both channels were analyzed with commercial soft-

ware (Imaris, Bitplane Inc.). The bright spots corresponding 

to NPs or lysosomes were automatically identifi ed for all 

frames, and subsequently linked in order to obtain the tra-

jectories (Figure  3 a–d and example movie provided in the 
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 Figure 3.    Three-dimensional tracking of nanoparticles in cells. a−d) Images corresponding to an A549 cell labeled with LysoTracker Red, 
180 min after a 10 min exposure to 100 µg mL –1  of 100 nm PS-COOH nanoparticles. a) Bright fi eld image (scale-bar 10 µm). b) Maximum 
intensity projection of the confocal three-dimensional fl uorescence image. c) The lysosomes (red spots) and nanoparticles (green spots) were 
automatically identifi ed and d) their trajectories subsequently determined. e) Co-localization between nanoparticles and lysosomes according to 
different measures. The plots with blue lines show Pearson, “Manders NP” and “Manders Lysosomes” co-localization coeffi cients of nanoparticles 
and lysosomes. Error bars correspond to standard deviation between the calculated coeffi cients for each of the 25 three-dimensional images. 
The red line shows a co-localization analysis based on the mean value of the LysoTracker Red signal throughout each nanoparticle trajectory, as 
described in the main text.
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Movie S2, Supporting Information). Using the identifi ed NPs 

as reference, we measured the levels of LysoTracker Red 

signal within a sphere of radius 0.5 µm centered on the posi-

tion of each identifi ed NP along the entire track. A threshold 

to determine whether there was a lysosome or not at a given 

position was assigned based upon the LysoTracker Red signal 

corresponding to an automated detection of lysosomes. If the 

average signal of LysoTracker Red along the trajectory was 

above the assigned threshold, then the detected NP spot was 

considered as co-localized with a lysosome. Subsequently, 

the intensity of each identifi ed NP was used to weight the 

co-localization value in order to calculate the percentage of 

NPs that were inside lysosomes. This was done in a such a 

way that the fi nal co-localization values shown are the pro-

portion of intensity of co-localized NP with respect to the 

total NP intensity. This analysis revealed that this method 

produces co-localization data following a similar trend to the 

established co-localization measures (Figure  3 e), but impor-

tantly the actual co-localization values were different from 

the other metrics, as a result of the conceptual differences by 

which they were determined. 

 Finally, it should be noted that the bottleneck in the co-

localization analysis workfl ow presented here is not the co-

localization detection itself, but rather the segmentation of 

structures and subsequent trajectory reconstruction. Software 

packages are constantly improving in this respect, but it still 

currently takes tens of minutes to analyze a three-dimensional 

movie, such as those presented in this study. Tracking perfor-

mance can be further improved by using wavelet decomposi-

tion methods instead of fi tting Gaussians, [ 31 ]  or running code 

through graphics processing units (GPUs) instead of the central 

processing unit (CPU). [ 32 ]  In the future, it should be expected 

that this analysis could be performed in near real time.  

  3.     Conclusions 

 With this case study we have shown that SPT of fl uorescently 

labeled NPs imaged in a confocal spinning disk microscope 

can provide valuable information to understand the intra-

cellular transport of NPs. Following object detection, the 

analysis of the trajectories allowed us to quantify the co-

localization of single NPs with lysosomes with greater accu-

racy, analyzing the entire cell in three dimensions. 

 From a broader perspective, our case study and this con-

cept paper in general, illustrates the potential of using time 

resolution and object-based analysis in biological microscopy, 

and how it can be applied to improve the certainty of intra-

cellular events, for NP-cell studies and beyond. As live-cell 

imaging techniques further improve, future studies may uti-

lize increased sampling rates and decreased cell illumination 

levels, aiming to have a more comprehensive and quantitative 

picture of the intracellular transport of NPs in living cells.  

  4.     Experimental Section 

 A549 cells were cultured at 37 °C in 5% CO 2  in minimum essen-
tial medium (MEM, with additional  L -glutamine) supplemented 

with 10% Fetal Calf Serum (FCS, Gibco), 1% penicillin/strepto-
mycin (Invitrogen Corp.), and 1% MEM non-essential amino acids 
(HyClone). Cells were subcultured 1:3 every second day by incu-
bating them in 0.25% trypsin (Gibco) when they were confl uent 
and resuspending cells in growth medium. Regular mycoplasma 
tests were carried out, using the mycoAlert kit (Lonza Inc. Allen-
dale, NJ), showing that the cells were mycoplasma free. 

 For spinning disk confocal microscopy, 1.3 × 10 5  cells were 
seeded onto 35 mm MatTek dishes and incubated for 24 h 
before carrying out the experiment. Live cells were stained with 
LysoTracker Red dye (Molecular Probes) at 0.75 µ M  for 1 h in 
complete MEM at 37 °C and washed away before taking the cells 
to the microscope or adding the NPs. 

 Yellow-green carboxylated polystyrene NPs (FluoSpheres) 
with mean diameter of 100 nm were purchased from Molecular 
Probes and used without further chemical modifi cation. Size 
and ζ-potential were determined using a Malvern Zetasizer Nano 
Series. Polystyrene NPs were diluted to 50 µg mL –1  in PBS or 
250 µg mL –1  in complete growth medium before measurement. 
Measurements were conducted at pH 7.0 and 25 °C. Results are 
presented in Table S1, Supporting Information. 

 For live cell imaging experiments with NPs, cells were stained 
with LysoTracker Red as described above and were subsequently 
incubated with a concentrated NP dispersion (100 µg mL –1 ) pre-
pared in complete growth medium at 37 °C. Cells were then incu-
bated with NPs for 10 min, after which the medium was removed 
and samples were washed 5 times with 1 mL PBS at 37 °C. Fresh 
medium (also at 37 °C) was then added to the cells, and imaging 
was performed in a live cell chamber, at 37 °C in a 5% CO 2  and 
60% humidity atmosphere. 

 Dual color visualization of cell organelles or NPs, was performed 
on a spinning-disk confocal microscopy system consisting of a 
CSU10 spinning disk unit (Yokogawa Electric corporation) and an 
iXon EMCCD camera (Andor), mounted on an IX81 inverted micro-
scope (Olympus) with climate control chamber. NPs were excited 
with a 488 nm laser line, and LysoTracker Red was excited using a 
561 nm laser line. A 60 × 1.35 NA Olympus UPlanSAPO oil immersion 
objective was used. Images were acquired using Andor iQ software. 
Three dimensional images were acquired at about one stack per 
second, while two dimensional movies were acquired at 10 frames 
per second. Object identifi cation and tracking were performed using 
Imaris (Bitplane AG, Zurich). NPs and lysosomes were identifi ed as 
‘spots’ based upon the fl uorescence of the corresponding channels, 
and tracking was performed using Imaris autoregressive motion 
algorithm, allowing a maximum step of 1 µm without gaps.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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