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Abstract
Background: In the field of nanoscience there is an increasing interest to follow dynamics of nanoparticles (NP) in
cells with an emphasis on endo-lysosomal pathways and long-term NP fate. During our research on this topic, we
encountered several pitfalls, which can bias the experimental outcome. We address some of these pitfalls and suggest
possible solutions. The accuracy of fluorescence microscopy methods has an important role in obtaining insights into
NP interactions with lysosomes at the single cell level including quantification of NP uptake in a specific cell type.
Methods: Here we use J774A.1 cells as a model for professional phagocytes. We expose them to fluorescentlylabelled amorphous silica NP with different sizes and quantify the colocalization of fluorescently-labelled NP with
lysosomes over time. We focus on confocal laser scanning microscopy (CLSM) to obtain 3D spatial information and
follow live cell imaging to study NP colocalization with lysosomes.
Results: We evaluate different experimental parameters that can bias the colocalization coefficients (i.e., Pearson’s
and Manders’), such as the interference of phenol red in the cell culture medium with the fluorescence intensity and
image post-processing (effect of spatial resolution, optical slice thickness, pixel saturation and bit depth). Additionally,
we determine the correlation coefficients for NP entering the lysosomes under four different experimental set-ups.
First, we found out that not only Pearson’s, but also Manders’ correlation coefficient should be considered in lyso‑
some-NP colocalization studies; second, there is a difference in NP colocalization when using NP of different sizes and
fluorescence dyes and last, the correlation coefficients might change depending on live-cell and fixed-cell imaging
set-up.
Conclusions: The results summarize detailed steps and recommendations for the experimental design, stain‑
ing, sample preparation and imaging to improve the reproducibility of colocalization studies between the NP and
lysosomes.
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Background
The use of engineered nanoparticles (NP) for biomedical applications requires a detailed understanding of
the NP-cell interaction, NP uptake and intracellular
fate. Upon deposition at the outer cell membrane, the
NP are internalized via a variety of endocytic mechanisms [1–5] and pass through an endosomal sorting
process. Finally, depending on their properties, NP
localize in the subcellular compartments, including
lysosomes, endoplasmic reticulum, Golgi apparatus,
mitochondria and nucleus [6, 7] or bypass these compartments and end up in the cytoplasm [8]. Lysosomes
are dynamic cellular catabolic organelles responsible
for the degradation of macromolecules [9] and play a
key role in the accumulation of internalized materials
such as NP [10, 11]. Lysosome dysfunction is associated
with multiple diseases, such as cancer, inflammatory
and neurodegenerative diseases, and Tay Sachs disease
[12–14]. Therefore, lysosomes are a target for a number
of therapeutics [15, 16] and there are several methods
available to study the intracellular fate and localization of NP in lysosomes [17]. Most recognized methods
are transmission electron microscopy [6], fluorescence
microscopy i.e., conventional bright field [18], confocal
[19], and super-resolution microscopy [20], correlative
microscopy [21], focused ion beam-scanning electron microscopy (FIB-SEM) [22] and lysosomal isolation [23]. The choice of each method strongly depends
on NP physicochemical properties (i.e., core material,
size, shape, surface charge, porosity, surface roughness, surface area, crystalline structure, etc.) [24] and
complexity of the intracellular environment [25]. In this
study, we focused on confocal laser scanning microscopy (CLSM), due to the possibility of imaging fluorescently labelled NP, fast sample preparation, obtaining

3D spatial information without the need for physical
sectioning of the sample, live cell imaging, and the possibility to obtain information about NP colocalization
with cellular compartments.
Different approaches are available to visualize lysosomes within live and fixed cells [26]. The most used
are the LysoTracker probes, Lysosomal-Associated Membrane Protein (LAMP) antibodies [27] and cells transfected with fluorescent constructs targeting sequence
for LAMP [28]. Here, the focus is on the LysoTracker
probes due to the possibility of dynamic lysosome imaging in unfixed cells, low phototoxicity, and ease of use
for long term imaging. Considering its many advantages,
this approach is widely used for staining in research
[27, 29–32]. LysoTracker probes contain a conjugated
multi-pyrrole ring structure with a weakly basic amine,
which gets protonated and accumulates in the acidic
environment of the lysosomes and late endosomes [33].
LysoTracker probes have some drawbacks: (i) Low pH is
not unique as late endosomes can have a similar pH as
lysosomes (~ 4.5–6.5), (ii) Fluorophore instability [33],
e.g. LysoTracker Red can undergo photoconversion to
a green-emitting fluorophore [33, 34], (iii) Variability in
intracellular NP trafficking between individual cells (the
time for NP to internalize into lysosomes can range from
15 min to several hours) [19], (iv) LysoTracker probes and
LAMP signal miscorrelation may occur in some cell lines
[27].
Given these challenges, further experimental and
observation-based biases must be avoided to provide
more reliable data interpretation. Moreover, there are
other experimental factors that can lead to misinterpretation of biological results, particularly those that rely on
fluorescence and image analysis of live or fixed cells.
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Colocalization analysis is a common approach to evaluate NP trafficking and accumulation in lysosomes. Based
on optical sections recorded by CLSM, colocalization
analysis requires statistical methods [35]. The data consists of two channels, such as (i) the lysosome visualized
by LysoTracker probe and/or LAMP and (ii) the fluorescently labelled NP. Fluorescence intensity data is obtained
from each recorded pixel between the LysoTracker/
LAMP channel and fluorescently labelled NP. Such analysis provides information about co-occurrence (i.e., the
extent of spatial overlap between the two fluorophores),
as assessed by Manders’ coefficients [36] and cross-correlation (the functional relationship between the signal intensities of the two fluorophores), as described by
Pearson’s correlation coefficient (PCC) [37]. Additional
measures and tests may include the Spearmann’s Rank
Coefficient [38], Costes’ randomization approach [39],
Intensity Correlation Quotient [40] or various objectbased measures [41]. For accurate data interpretation, a
combination of multiple metrics is recommended. However, such sound interpretations are only achievable if
biases in data gathering are avoided. In our microscopic
investigations on intracellular trafficking of NP, in particular to the lysosomes, we encountered several methodical and technical pitfalls when using probes to label
lysosomes, each leading to misinterpretation and bias of
the lysosomal labelling. Here, we describe the most common pitfalls and provide recommendations on how to
circumvent them to yield accurate conclusions.

Fluorescent lysosomal probe characteristics

When designing an experiment, the key experimental
parameters (i.e. LysoTracker probe selection and the
stability of fluorophores as well as equipment available)
should be taken into consideration. Since lysosomes
were visualized by labeling the cells with LysoTracker
probes, we first extracted the main characteristics of
LysoTracker probes (Table 1). Experiments must be
designed in a way to minimize fluorescence cross-talk
(i.e., overlap of fluorochromes’ excitation spectra) and
bleed-through (i.e., overlap of fluorochromes’ emission
spectra), either by using a free online spectral analyzer
(available by Thermo Fisher Scientific) or experimentally (Additional file 1: Fig. S1A) [46].
Influence of phenol red in cell culture medium
on fluorescence intensity of LysoTracker probes

Our first attempt was to investigate whether the presence of phenol red, a routinely added pH indicator, in
the culture medium influences the fluorescence intensity of the red, green and blue LysoTracker probes. Cells
were grown either in complete Roswell Park Memorial
Institute medium, supplemented with 10% fetal bovine
serum (FBS), 1% (v/v) l-glutamine and 1% (v/v) penicillin/streptomycin (cRPMI) with or without phenol
red. After 24 h of incubation, the cells were exposed to
LysoTracker probes and the effect was monitored under
continuous live cell imaging. A representative image
of an individual cell for each LysoTracker probe can be
found in Additional file 1: Fig. S2. Our results show that
the presence of phenol red decreases the relative signal
intensity and biases the fluorescent signal as demonstrated by the significant differences in the raw integrated density (i.e., sum of pixel values) of LysoTracker
probes (Fig. 1). This distorts the correlation coefficients
and the interpretation of the colocalization results. The
phenol red emits light in the blue and red region of the
spectrum, causing mainly interference with the blue
and red LysoTracker probes spectra (Additional file 1:
Fig. S1A). On the other hand, no significant impact of
phenol red was detected on the intensity of LysoTracker
Green. Based on these observations, we suggest using
phenol red-free cell culture medium for experiments

Results and discussion
The purpose of the present study is to determine the
necessary steps for reliable colocalization of NP within
lysosomes with a focus on CLSM. J774A.1 mouse macrophages were used as a model cell line for professional
phagocytes, since they are capable of phagocytosis
(uptake of particles larger than 1 µm) [42–44] but are also
a well-known model for endocytosis research [29, 45]. In
that sense this is an ideal cell line to study a wide spectrum of particle types suited for the purposes of this project. Cells were exposed to amorphous silica NP because
they can be synthesized in different sizes and labelled
with a variety of different fluorophores, allowing their
tracking in living cells.

Table 1 Main LysoTracker probes characteristics and experimental parameters
LysoTracker*

Excitation (nm)1

Emission (nm)1

Recommended
concentration (nM)

Incubation time (37 °C)

Refs.

Green (DND-26)

504

511

50

15–30 min

[47–49]

Blue (DND-22)

373

422

50–100

30 min–1.5 h

[50–52]

Red (DND-99)

577

590

10–50

15 min–4 h

[19, 30, 53]

1

Wavelength. The information in this table refers to LysoTracker probes purchased from ThermoFisher Scientific.
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Fig. 1 Comparison of the normalized raw integrated densities of
three different LysoTracker probes (red, blue and green) obtained
by cell imaging in cRPMI with phenol red (white bars) and without
phenol red (gray bars). Error bars are standard deviation, n = 10 cells
per treatment. *p < 0.05 by one-way ANOVA

involving LysoTracker probes. In case the use of phenol red-containing medium cannot be avoided, recommended alternative is to use LysoTracker Green instead.
Stability of LysoTracker Red probe under continuous
and staggered imaging set‑up

The ability to trace the behaviour of lysosomes over
longer periods opens a possibility to study cellular processes upon prolonged and repeated exposure to NP. The
suitability of LysoTracker probes for prolonged imaging was evaluated by monitoring the LysoTracker Red
fluorescent signal over a period of 24 h in a continuous
experimental set-up. J774A.1 cells were first stained with
LysoTracker Red for 1 h, the medium was replaced with
phenol red-free medium, and cells were imaged live for
24 h at 20 min intervals. Randomized datasets [17] were
recorded.
In a continuous imaging set-up, the fluorescent signal
of LysoTracker Red did not significantly alter over the
first 8 h. Longer periods were accompanied by a decrease
in the raw integrated intensity of the LysoTracker Red
and increased cell death over time (Additional file 1:
Video S1). This observation is supported by Chen et al.,
who demonstrated that prolonged intracellular accumulation of LysoTracker probes causes an increase in intracellular pH and enhances quenching of the fluorescent
dye [26]. However, as assessed by lactate dehydrogenase
(LDH) assay (Fig. 2A) we did not observe any significant
changes in LDH release in the medium from LysoTracker
treated cells compared to the control cells. Hence, adding LysoTracker probe does not cause cytotoxicity within
the time range investigated. Therefore, we conclude that
the cytotoxicity is rather influenced by phototoxicity, an
effect caused by extensive imaging.
To test whether there is a difference in LysoTracker
Red signal intensity depending on the imaging conditions
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an additional staggered experimental set-up was conducted as shown in Fig. 2B. We observed that the raw
integrated density does not differ significantly among
the staggered imaging set-up of 1 h, 4 h and 24 h after
LysoTracker probe incubation (Fig. 2C). However, a significant decrease in raw integrated density of LysoTracker
Red signal was found in continuous live-cell imaging setup and the effect accumulated with increasing imaging
time. This suggests that the fluorescent intensity of the
LysoTracker Red probe drops mostly because of the photobleaching effect due to continuous imaging for a prolonged time [54]. The effect might be cell-specific and is
affected by the imaging settings.
Physicochemical characteristics of silica nanoparticles

Once the LysoTracker probe stability and imaging set-up
are optimized, the selection of the optimal NP to assess
the specific research question is important. For our
experiments, we selected synthetic amorphous silica NP
of different sizes and labelled with different fluorophores.
Table 2 represents the main physicochemical characteristics of different sizes of silica (SiO2) NP (59 nm,
119 nm and 920 nm) used in this study; NP of 59 nm and
119 nm size range are internalized into cells mainly via
pinocytosis while 920 nm S
 iO2 particles are taken up by
phagocytosis [55]. A concentration of 20 µg/mL of the
NP suspension was chosen as this concentration does
not impair cell viability [31] and all the particles used in
our studies were negative for the endotoxin test (data
not shown). Comparison of the emission and absorption
spectra of the different (nano)particles is shown in Additional file 1: Figs. S1B and S1C.
The core particle diameter was measured by transmission electron microscopy (Additional file 1: Fig. S3),
whereas the hydrodynamic diameter was assessed both
in Milli-Q water and complete medium via dynamic light
scattering (DLS). The corresponding histograms representing particle size distributions are shown in Additional file 1: Fig. S4A and S4B. All SiO2 particles were
colloidally stable in Milli-Q and in cRPMI over 24 h of
incubation time.
Confocal microscopy imaging and post‑processing

Even optimally designed experiments—no cross talk, no
bleed through—and sample preparation can be undone
by errors during sample imaging [56]. Small variations
in the settings can significantly alter the correlation coefficients [57]. Such effects are shown in Fig. 3. Using an
optimally imaged, real dataset, these biases were demonstrated by simulating a set of different imaging conditions
for the following data aspects: spatial resolution, slice
thickness, pixel saturation, and dynamic range (Fig. 3).

Moreno‑Echeverri et al. Journal of Nanobiotechnology

(2022) 20:464

Page 5 of 18

Fig. 2 Stability of LysoTracker Red probe under different imaging conditions. A Cell viability after incubation with LysoTracker Red probe for 1 h,
4 h and 24 h assessed via membrane rupture assay (lactate dehydrogenase; LDH) and presented as fold change over untreated cells (control). Data
shows the mean of three replicates. Cells exposed to 0.2% Triton X-100 (v/v) served as positive control for LDH assay. B Schematic representation
of staggered experimental set-up (cells were stained for 1 h with LysoTracker Red probe, the supernatant containing LysoTracker Red was removed
and cells were further incubated and imaged at 1 h, 4 h and 24 h as hyperstacks) and continuous set-up (cells were stained for 1 h with LysoTracker
Red probe and imaged continuously for 24 h as hyperstacks). C Comparison of raw integrated densities of LysoTracker Red probe versus time for
continuous and staggered imaging. Each time-point (hour) shows the raw integrated density measured for each cell individually. The whiskers are
the standard deviations. **** (P < 0.05) is the significant difference analyzed by One-way ANOVA

Table 2 Representation of the main physicochemical characteristics of SiO2 (nano)particles
(Nano)Particles

TEM5

DLS6
Milli-Q
1

SiO2-BDP FL
SiO2-RhoB
SiO2-Cy5
SiO2-Cy5

cRPMI
2

2

3

dc [nm]

dh [nm]
t=0 h

dh [nm]
t = 24 h

PDI

59 ± 6

77 ± 0

76 ± 1

0.2

119 ± 10

134 ± 2

139 ± 3

0.04

59 ± 5

920 ± 88

71 ± 1

820 ± 3

72 ± 1

0.04

847 ± 6

0.03

4

dh [nm]2
t=0 h

dh [nm]2
t = 24 h

− 52 ± 2

91 ± 2

87 ± 3

− 44 ± 2

93 ± 10

108 ± 4

ζ [mV]

− 34 ± 1

− 44 ± 1

82 ± 4

825 ± 11

69 ± 3

941 ± 10

core diameter; 2hydrodynamic diameter; 3polydispersity index; 4zeta potential; 5transmission electron microscopy; 6dynamic light scattering. Particles: SiO2-Bodipy®
fluorescein NHS ester (BDP FL), SiO2-Rhodamine B (RhoB), SiO2-Cyanine 5 (Cy5)
1
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Fig. 3 Effect of spatial resolution, optical slice thickness, pixel saturation and bit depth on the Pearson’s correlation coefficients (PCC, white boxes)
and Manders’ M1 coefficient (gray boxes). The data correspond to the experimental set-up where cells were exposed to 59 nm SiO2-BDP FL NP for
13 h, fixed and stained with Alexa Fluor 647-conjugated LAMP-2 antibody. The error bars represent the standard deviations. All the images were
analysed using ImageJ with the JACoP plugin comparing the correlation coefficients after each specific simulation

Lowering the resolution by decreasing XY-pixel size
(i.e., the distance between points on a specimen, also
known as “downsampling”) caused a decrease in Pearson’s correlation coefficient (PCC) and especially in
overlap (Manders, M1). Lower resolutions cause the
integration of fluorescence signals and thereby affect the
interactions between the two channels. This is most clear
in the overlap (M1), shown in the grey boxplots of Fig. 3/
Spatial resolution. Therefore, the optimal resolution to
image the objects must be taken into consideration when
setting up the experiment.
Slice thickness of the optical slices also affected the
colocalization parameters. Simulation of the opening of
the pinhole—causing lower axial resolution, i.e. Z-axis
thickness—yielded an increase in colocalization measures as objects along the Z-axis are increasingly projected
on top of each other and end up falsely overlapping
(Fig. 3/Optical slice thickness).
A brighter illumination will improve the signal to
noise ratio of the fluorescence signal, which may yield a
lower variance of the correlation coefficients. However,
the saturation of pixels will bias the result [58]. Saturation occurs when the fluorescence intensity exceeds

the acquisition or storage limit of the detector. Such
clipping of data has a significant impact on correlation
routines, such as PCC, which try to explain the intensity of the first channel with the information of the
second. Our simulations show that even a fraction of
saturated pixels as low as 0.3% of the total pixel number
will significantly alter the colocalization (Fig. 3/Pixel
saturation). The pitfall of saturation can be completely
circumvented by using photon-counting detectors [59],
which do not convert the signal to binary output (see
below) but store the actual number of photons that
have arrived at the detector. However, such detectors
are relatively new in the field and not yet widespread.
Standard GaAsP-PMT detectors used in CLSM convert
the analogue fluorescent intensities to a digital signal
and store it on a computer. Usually, we get the choice to
save the data with an information depth ranging from
8 bit (28, i.e., 256 different intensity values) up to 16 bit
(216, i.e., 65,536 different intensity values). Recording
data in 16 bit but saving the data at 8 bit, i.e., compressing the information, may cause significant shifts in PCC
(Fig. 3/Bit depth) [60].
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Before proceeding with further experiments, all
microscopy settings, such as resolution, optical slice
thickness, saturation and bit depth should be taken into
consideration for the reproducibility of the data.

for 1 h and then sequentially exposed to 59 nm S
 iO2-BDP
FL NP for a duration of 4 h to 8 h (Fig. 4A). The colocalization was assessed using PCC as an indicator of
functional relationship and Manders’ coefficients (M1
and M2) as quantifiers of spatial overlap between fluorophores. PCC values indicate that approximately 0.5 of
intracellular NP fraction colocalized with lysosomes and
there were no significant differences in PCC between 4 h
and 8 h (Fig. 4B). However, the PCC does not provide
detailed information about the distribution of NP arriving into lysosomes and the fraction of remaining empty
lysosomes (Fig. 4B). In contrast, M1 and M2 coefficients
vary between the different time points (Fig. 4C) and provide information on the fraction of the NP co-occurring
with lysosomes within the resolution of a single voxel. We
observed that less than 0.1 of NP fraction (M1) reached
the lysosomes within the first 4 h of exposure (Fig. 4C).
The fraction of NP that accumulated in the lysosomes
increased gradually over time as confirmed by increasing M1 fraction up to 0.5 after 8 h of incubation. However, there was a variability in the fraction of lysosomes
containing NP over time (M2). At 8 h time-point less
than 0.2 of the lysosomes fraction colocalized with NP,
which is a lower amount compared to the 4 h time-point
(Fig. 4C).

Analysis of nanoparticles within the lysosomes

In this section, we describe four different experiments
illustrating the colocalization of silica NP with lysosomes
and the corresponding interpretation. The PCC, M1 and
M2 coefficients are expressed as a fraction/index of NP
colocalized with lysosomes. The experimental design is
matched to the specific aim of each study.
Experiment I: the effect of continuous live cell imaging
on colocalization

Understanding NP localization in lysosomes after their
cellular uptake is crucial for their use in biomedical applications [61]. The advantage of live cell imaging is to get
a better insight into intracellular NP trafficking [19],
and accumulation. The variability in NP uptake dynamics depends on the cell type [42] and cell division [19, 29,
62, 63]. The following experimental approach enabled us
to investigate whether NP colocalization with lysosomes
varies over time under a continuous imaging set-up.
J774A.1 cells were initially stained with LysoTracker Red

Fig. 4 The effect of continuous live cell imaging on NP colocalization with lysosomes. A Experimental workflow: Cells were first stained with
LysoTracker Red probe for 1 h, and then exposed to 20 μg/mL of 59 nm SiO2-BDP FL NP in phenol free cRPMI. Cells were imaged continuously from
4 to 8 h. All the images were analyzed using ImageJ with a script (Script S2). Each cell was analyzed individually. B Pearson’s correlation coefficient
(PCC) demonstrating correlation between NP and LysoTracker Red probe (lysosomes) at different time points. C Manders’ correlation coefficient
M1 corresponds to the fraction of 59 nm SiO2-BDP FL NP within lysosomes (stained with LysoTracker Red) and M2 corresponds to the fraction of
lysosomes filled with NP. The corresponding histograms of fluorescence intensities of each channel are shown in Additional file 1: Fig. S5A
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Based on different NP physicochemical properties
such as core material, size, shape, surface charge, porosity, surface roughness, surface area, crystalline structure,
NP uptake and their intracellular fate can vary over time.
In order to investigate these phenomena, we monitored
the changes in colocalization of NP of different sizes and
incorporated fluorophores.
Experiment II: the effect of different particles sizes
on colocalization with lysosomes

A combination of the PCC and Manders’ colocalization coefficients can provide different messages of NP
accumulation in lysosomes [39]. Since particles of different sizes are widely used in the research, we chose
119 nm and 920 nm SiO2 particles labelled with the Cyanine5 (Cy5) fluorophore and tested their colocalization
with lysosomes. Particles showed similar zeta potentials
(− 44 mV). After J774A.1 exposure to a single particle
type for 24 h, cells were washed, stained with LysoTracker
Red probe for 1 h and then visualized by live cell imaging
(Fig. 5A).
High accumulation of 119 nm S
 iO2-Cy5 particles within
lysosomes was observed after 24 h of particle exposure as
demonstrated by the PCC of 0.9. This suggests the particles uptake and intracellular sorting to the lysosomes.
Such information cannot be extracted by the naked eye
from the CLSM images but can be visualized by the cytofluorograms (Fig. 5B): the point cloud expanded towards
the top right corner, and the increase in PCC reflected
this process. As represented by Manders’ coefficients,
almost all internalized 119 nm SiO2-Cy5 particles were
associated with the lysosomes (M1 > 0.9) after 24 h. In
addition, there were still lysosomes available without particles, as demonstrated by 0.3 of lysosome fraction (M2,
Fig. 5D).
A different outcome was observed with the 920 nm
SiO2-Cy5 particles (Fig. 5C, E). Only 0.3 of the particles fraction arrived to the lysosomes (PCC: 0.3) at 24 h
upon particle exposure. Manders’ coefficients show that
only 0.4 of particles fraction reached lysosomes within
24 h (M1: 0.4) and the majority of lysosomes fraction
(M2: 0.2) were still left without particles (M2, Fig. 5E).
Thus, micron-sized particles were less likely to enter the
lysosomes within 24 h and possibly sedimented in the
cells’ surroundings or accumulated in other intracellular
compartments [64–66]. A possible explanation for lower
colocalization of bigger particles with lysosomes could
be as well the differences in particle number added to
the cells (9 × 109 of 119 nm SiO2-Cy5 particles per mL vs
2 × 107 of 920 nm S
 iO2-Cy5 particles per mL) or, alternatively, different mobility of particles within the cells [67].
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Experiment III: colocalization between NP with different
fluorophores and lysosomes

A potential colocalization pitfall is the dependence of fluorescent dye encapsulation on the physicochemical properties of NP. The dye encapsulation might change the
physicochemical properties of NP and the fluorescence
properties of a dye, for example, by inducing fluorescence quenching or enhancing emission [25, 68, 69]. An
experimental design was implemented to compare the
colocalization of NP with similar sizes but different fluorophores. J774.A1 cells were initially exposed to 59 nm
SiO2-BDP FL NP and 59 nm S
 iO2-Rhodamine B (RhoB)
NP for a period of 13 h. The medium containing NP was
subsequently removed and cells were washed. Next, a
fresh medium without NP was added and a resting phase
of 6 h was performed to investigate whether all the NP
that have just reached the cell membrane continued
being internalized and accumulate in the lysosomes. The
resting time was chosen based on known literature, as
it has been shown that different NP or macromolecules
reach the lysosomes in a period from 3 to 6 h [19, 70–74].
Finally, the cells were fixed and stained with LAMP-2
conjugated with a secondary antibody Alexa Fluor 647,
which was selected due to the possible combination with
NP-conjugated fluorophores (Fig. 6A). The cells exposed
to 59 nm S
 iO2-BDP FL NP and 59 nm S
 iO2-RhoB NP
were stained with LAMP-2 and imaged (Fig. 6B and C).
Based on PCC values, the results showed no significant differences in the colocalization of lysosomes and
NP with different fluorophores (PCC: 0.8). Nevertheless,
Manders’ correlation coefficients (M1, fraction of NP
inside the lysosomes) confirmed that 0.2 of SiO2-RhoB
NP fraction are localized in the lysosomes (Fig. 6D)
compared to 0.4 of S
 iO2-BDP FL NP fraction (Fig. 6E).
Additionally, a different fraction of lysosomes filled with
NP (M2) was observed when comparing NP with different fluorophores, 0.3 for the cells exposed to SiO2-RhoB
NP and 0.1 for the cells exposed to SiO2-BDP FL NP.
This could be explained by the difference in zeta potential between S
 iO2-BDP FL NP (− 52 mV) and S
 iO2-RhoB
NP (− 34 mV). As reported previously in literature, NP
uptake and their intracellular fate are strongly influenced
by the NP surface properties [6, 69, 75–77].
Experiment IV: comparison of NP colocalization
with lysosomes between fixed‑and live‑cell imaging

When performing lysosomal staining, both LysoTracker
probes and LAMP antibodies are available. However,
there are differences both in their specificity as well as
in staining protocols, which can significantly impact
the experimental outcome [27]. With this experimental
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Fig. 5 Colocalization of different-sized SiO2 particles with lysosomes in J774A.1 macrophages. A Experimental workflow: Cells were exposed to
SiO2 particles of different sizes for 24 h followed by LysoTracker Red staining for 1 h and imaged live. B Representative bright field and confocal
images of single cells with the corresponding cytofluorograms show colocalization of 119 nm S iO2-Cy5 particles (green) with lysosomes (red). C
Colocalization of 920 nm SiO2-Cy5 particles (green) with lysosomes (red). Co-localized pixels appear in yellow. Scale bar: 10 µm. The corresponding
histograms of fluorescence intensities of each channel is shown in Additional file 1: Fig. S5A and the bright field images identifying cell morphology
in Additional file 1: Figure S6. Quantification of colocalization of D. 119 nm S iO2-Cy5 particles and E 920 nm SiO2-Cy5 particles with LysoTracker
Red probe was performed using the ImageJ software with JACoP plugin (n = 10 cells). Data is presented as Pearson’s correlation coefficient (PCC)
and Manders’ overlap coefficients, where M1 represents the fraction of particles-associated pixels overlapping with lysosomes and M2 the fraction
of lysosome-associated pixels overlapping with particles. Statistical analysis was performed using unpaired t-test in GraphPad Prism software:
***p < 0.001, ns: not significant
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Fig. 6 Colocalization between NP with different fluorophores and lysosomes. A Experimental workflow. Representative images of single cells
exposed to two different SiO2 NP (green), B SiO2-RhoB NP and C SiO2-BDP FL NP. Lysosomes were stained with LAMP-2 antibody (shown in red).
Scale bar: 10 µm. The corresponding histograms of fluorescence intensities of each channel are shown in Additional file 1: Fig. S5B and the F-actin
staining identifying cell morphology in Additional file 1: Fig. S6. The plots represent main parameters (PCC, M1 and M2) to estimate colocalization
between different NP and lysosomes. The colocalization between the D 59 nm S iO2-RhoB NP and E 59 nm S iO2-BDP FL NP with lysosomes, labelled
with LAMP-2 antibody. PCC: Pearson correlation coefficient, M1 and M2: Manders’ correlation coefficients. The whiskers represent the standard
deviations. Analysis was performed in individual cells for each experiment (n = 10–13 cells). All the images were analysed using ImageJ, with the
JACoP plugin comparing the correlation coefficients. Statistical analysis was performed using unpaired t-test in GraphPad Prism software. * p < 0.05,
ns: not significant
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Fig. 7 NP colocalization with lysosomes between fixed-and live-cell imaging. A Experimental workflow. Representative images of a single cell
exposed to two different NP types, B SiO2-RhoB NP (green) and C SiO2-BDP FL NP (green). Lysosomes were stained with LAMP-2 antibody (red).
The corresponding histograms of fluorescence intensities of each channel are shown in Additional file 1: Fig. S5B. The graphs depict the main
parameters (Pearson’s correlation coefficient—PCC, Manders’ correlation coefficients—M1 and M2) to estimate the colocalization between D
SiO2-RhoB NP and lysosomes (LysoTracker Green) and E SiO2-BDP FL NP and lysosomes (LysoTracker Red) in live cells (white box) and fixed cells
stained with LAMP-2 (grey box). The whiskers are the standard deviations. The analysis was done in individual cells for each experiment (n = 8–13
cells). All the images were analysed using ImageJ with the JACoP plugin comparing the correlation coefficients. Statistical analysis was performed
using unpaired t-test in GraphPad Prism software. ***p < 0.001, ns: not significant

approach, the changes in colocalization of NP with lysosomes between live- and fixed-cell imaging were evaluated. The same exposure time and resting phase was
kept as described in section III (Fig. 7A). In addition to
the LysoTracker staining, cells were immunostained with
LAMP-2 antibody (Fig. 7B and C) and the results from
fixed-cells were compared to the data collected in section
III.

No significant changes in PCC values were observed
among live and fixed cells for both NP types. Nevertheless, we observed differences for Manders’ correlation
coefficients (M1 and M2) (Fig. 7D and E). In live cells,
exposed to 59 nm S
 iO2-RhoB NP, there were roughly 0.9
of NP fraction colocalized with the lysosomes (M1), but
in fixed-cell the colocalization decreased to 0.4 (Fig. 7D).
This difference is as well evident in the cells exposed to
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59 nm SiO2-BDP FL NP where 0.7 of the NP are colocalized with the lysosomes of living cells stained with
LysoTracker in contrast to only 0.2 of colocalized NP
inside the lysosomes of fixed-cells (Fig. 7E). Likewise, a
decrease in the fraction of lysosomes filled with NP (M2)
between live and fixed cells was noted. These differences
are attributed to image processing, and selectivity of
LysoTracker probe (stains lysosomes and late endosomes)
vs LAMP-2 (specific to LAMP-2 protein present on lysosomal membrane) [78].
Correlative studies between live and fixed cells are
challenging because the shape of the fixed cells varies from its natural state [79]. Moreover, a quantitative
analysis that compares and correlates the intensities of
fluorophores such as the LysoTracker probes after cell
fixation is expected to be less precise due to the decrease
of LysoTracker intensity and further changes in cellular
shape (Additional file 1: Figs. S7 and S8). We have already
described that each experimental factor that alters the
intensity of the fluorophores will have repercussions,
especially on the Manders’ coefficients, as shown in
Additional file 1: Figs. S8 and S9. In conclusion, many
parameters influence the NP-lysosome colocalization
outcome such as the fluorophore dye to label the NP, the
staining procedure for lysosomes in cells, the lysosome
marker specificity, and the imaging set-up. Therefore, it is
recommended to consider these parameters when planning and conducting the experiments as well as to adjust

each experiment individually based on the research question to minimize the variability.

Conclusions
We visualized the lysosomes by labeling cells with
LysoTracker probes and calculated the colocalization
between fluorescently labelled NP and lysosomes using
different correlation coefficients. Herein, we described
detailed steps and recommendations from the experimental design, staining, sample preparation and imaging
on the colocalization parameters.
Key considerations for conducting NP-lysosome imaging and colocalization analysis are:
i) Fluorescent lysosomal probe properties (see Table 1),
such as concentration to be used, incubation time
and fluorophore [6],
ii) Physicochemical characteristics of the NP (see
Table 2) such as exposure time, concentration, and
administration method [80],
iii) CLSM imaging setup including resolution, illumination, and storage considerations [81, 82],
iv) Colocalization analysis of NP in the lysosomes [35].
We strongly advise to fully report the parameters of
the image acquisition to allow correct comparisons and
reproducibility between experiments reported from different studies. The human eye is not capable of extracting

Table 3 List of recommendations based on the different parameters
Parameter

Recommendation

LysoTracker probe

Check for intensity overlap of LysoTracker probe with the NP fluorescence properties
Do not exceed maximal incubation time
Perform imaging of LysoTracker probes in cell culture medium without phenol red
Perform a pilot study and cell viability test to acquire the time range wherein your cell’s viability remains acceptable
Do not exceed this time scale for continuous live-cell imaging (e.g., for J774.A1: 8 h)
For experiments exceeding this time range, conduct a staggered set-up and stain with LysoTrackers before imaging

Particle probe

Use the same fluorophore marker when comparing particles of different sizes

CLSM Imaging

Apply optimal imaging parameters considering optimal resolution of sample to proceed with the colocalization analysis, as
bias will increase with decreasing resolution
Optimize the pinhole setting
Never use (maximum) intensity projections
Avoid noise and saturation events
If available, use photon-counting detectors

Nanoparticle-lyso‑
some colocalization
analysis

Describe data with adequate colocalization coefficients to provide the precise information about NP intracellular fate
Include the cytofluorograms
Analyse enough cells e.g. eight to ten single cells in the entire z-stack for each experimental condition, in case of high vari‑
ability the number has to be increased
Perform analysis on single cells selected from region of interest (ROI) to avoid noise contribution
For colocalization analysis 3D data is recommended to be used. Keep in mind the different NP uptake kinetics and variability
among cell lines
Adjust experimental set-up specifically to the research question

Data analysis

PCC does not provide detailed information about the distribution of NP arriving into lysosomes and the fraction of remaining
or newly formed empty lysosomes
Manders’ correlation coefficients M1 and M2 provide information on the fraction of the NP co-occurring with lysosomes within
the resolution of a single voxel
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the correct colocalization interpretation from CLSM
images alone, therefore a cytofluorogram must be added.
Similarly, a single PCC often does not provide information about the fractional distribution of the fluorophores
co-occurring within the resolution of a single voxel, for
this an additional measure such as Manders’ co-occurrence coefficients should be taken into analysis. Additional recommendations are summarized in the Table 3.

Methods
Synthesis of silica nanoparticles

The synthesis of fluorescently labelled silica (SiO2) NP
was performed following a Stöber method [83]. For a
detailed description of the 59 nm S
 iO2-BDP FL NP and
920 nm SiO2-Cy5 NP synthesis and characterization,
refer to the publication from Susnik et al. [31]. Similar
synthesis protocol was adapted for 59 nm SiO2-RhoB NP
using a RhoB isothiocyanate (RBITC) dye (CAS 3687769-7, Sigma-Aldrich, USA). For 119 nm SiO2-Cy5 NP
synthesis, briefly 58 mL of water (Milli-Q), 162 mL of
absolute ethanol (EtOH) (VWR, Dietikon, Switzerland),
and 8.71 mL of 25% ammonium hydroxide (NH4OH)
(Merck, Zug, Switzerland) were heated at 70 °C in a
500 mL flask and sealed. After 30 min, 22 mL of tetraethyl orthosilicate (TEOS) were added to the mixture.
Finally, after 2 min, a mixture of 200 µL-Cy5 NHS ester
(11.5 mg/mL in dimethyl sulfoxide (DMSO), Lumiprobe
53020, Hunt Valley, MD, USA) and 3 µL of (3-aminopropyl) triethoxysilane (APTES) were added to the flask.
The reaction was further heated for 4 h, cooled down
to room temperature, and centrifuge at 2000 rpm for
40 min three times and redisperse in Milli-Q water. The
obtained particles in dispersion were stored in the dark
at 4 °C. Table 2 summarizes the physicochemical characteristics of three different SiO2 particles, such as core
diameter measured by transmission electron microscopy
(TEM; FEI Technai G2Spirit, Thermo Fisher Scientific,
Waltham, MA, USA). Hydrodynamic diameter of NP in
Milli-Q water and cRPMI was measured by dynamic light
scattering (DLS) at constant temperature (37 °C) using a
commercial goniometer instrument (LS Spectrometer,
LS Instruments AG, Switzerland) equipped with a linearly polarized and a collimated laser beam (Cobolt 05-01
diode-pumped solid-state laser, λ = 660 nm, P max. = 500
mW). Data were collected at scattering angle of 90° and
laser wavelength 660 nm. Two APD detectors, assembled
for pseudo-cross-correlation, were used to improve the
signal-to-noise ratio. The mean and standard deviation
were calculated from ten independent measurements.
The surface charge was determined by phase-amplitude
light scattering (ZetaPALS, Brookhaven Instruments
Corp., Holtsville, NY, USA) in Milli-Q water.
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Cell culture and seeding

Mouse monocyte/macrophages J774A.1, obtained from
the American Type Culture Collection (ATCC, Rockville,
MD, USA) were subcultured Roswell Park Memorial
Institute 1640 medium (RPMI; Cat.No. 11835030, Gibco,
Life Technologies, Zug, Switzerland) supplemented with
10% v/v FBS, 1% v/v penicillin/streptomycin and 1% v/v
l-glutamine. Cells were maintained in T75 polystyrene
cell culture flasks (TRP, Trasadingen, Switzerland) in
cRPMI until reaching 80% confluence. Cell seeding procedure has been performed as described by Susnik et al.
[31].
LysoTracker™ Red DND-99 (Cat. No. L7528), Green
DND-26 (Cat. No. L7526) and Blue DND-22 (Cat. No.
L7525) (Thermo Fisher Scientific, MA, USA) probes
at final concentration 75 nM were prepared in cRPMI
medium containing phenol red or in phenol red-free
medium. J774A.1 macrophages were incubated with
LysoTracker probes for 1 h at 37 °C, 5% pCO2 and 95%
relative humidity, following providers’ protocol (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
After incubation, the medium containing LysoTracker
probes was removed and replaced with fresh phenol redcontaining or phenol red-free medium. Live cell imaging
was done in cRPMI containing phenol red or in phenol free medium (refer to chapter Image acquisition).
The images were analyzed using ImageJ software with a
JACoP plugin and a custom-written script (Additional
file 1: Script S1). Briefly, each cell contour was manually
defined based on the LysoTracker channel to define the
region of interest (ROI) for the analysis. The detected
signals from the LysoTracker channel were masked,
followed by an automatically adjusted threshold. An
inverted mask was used to remove the background noise
and to measure the raw integrated density by excluding background signals. The raw integrated densities for
ten individual cells were analyzed for each LysoTracker
probe. The following parameters have been used: 16-bit
image (1024 × 1024 pixels), pixel dwell of 25.5, 1 Airy
unit and the gain for each individual fluorophore as it
follows: LT blue (gain 850, pinhole 43 μm, channel range
410–431 nm); LT green (gain 583, pinhole 52 μm, channel range 493–606 nm); LT Red (gain 446, pinhole 60 μm,
channel range 566–690 nm).
The interference of phenol red with the LysoTracker probes

For continuous imaging set-up, LysoTracker™ Red DND99 (Cat. No. L7528, Thermo Fisher Scientific, MA,
USA) probe at final concentration 75 nM was prepared
in cRPMI medium containing phenol red or in phenol
Stability of LysoTracker Red probe
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red-free medium. J774A.1 macrophages were incubated
with LysoTracker probes for 1 h at 37 °C, 5% pCO2 and
95% relative humidity, following providers’ protocol (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
After incubation, the medium containing LysoTracker
probes was replaced with fresh phenol red-free medium
without LysoTracker probe. Cells were immediately
imaged live (refer to chapter Image acquisition) in a continuous (24 h) or staggered set-up (1 h, 4 h, 24 h). The
images were analyzed using ImageJ software with a
JACoP plugin and a custom-written script as in described
previously. The raw integrated densities for individual
cells were analyzed. The following parameters have been
used: 16-bit image (1024 × 1024 pixels) and pixel dwell of
25.5,1 Airy unit.

a chamber at 37 °C and 5% pCO2, adapted for the
Zeiss LSM710 confocal microscope. The cells were
imaged as hyperstacks over time. Time lapse and
different z-stacks were set for each sample. The
time point was defined upon NP exposure and the
analysis was done from 4 h to 8 h. For each time
point, 13 individual cells were analyzed to evaluate
the raw integrated intensity of LysoTracker probe
over time. The raw integrated density was processed following the same procedure as described
in previous section. The correlation coefficients
were calculated using ImageJ software with JACoP
plugin and a custom-written script (see Additional
file 1: Script S2).
ii. Addition of the LysoTracker probe after the NP
exposure: Cells were initially exposed to a single particle type for 24 h. The cells were washed
3-times with 1X PBS and incubated with fresh
cRPMI supplemented with 75 nM LysoTracker
probe for 1 h (according to the manufacturers’ recommendations). Afterwards, the supernatant containing LysoTracker probe was removed, and fresh
cRPMI was added to the cells for immediate livecell imaging.
iii. Addition of the LysoTracker probe after NP incubation and followed by resting period: Cells
were exposed to 59 nm SiO2-RhoB NP or 59 nm
SiO2-BDP FL NP for 13 h, washed 3-times with
1X PBS and further incubated with fresh cRPMI.
Cells were incubated for an additional 6 h to
ensure that most of the NP reached the lysosomes.
After, cells were stained with 75 nM LysoTracker
Green or 75 nM LysoTracker Red for 60 min.
The LysoTracker probes were replaced with fresh
cRPMI and cells underwent immediate live-cell
imaging.

Cell viability

Cells were incubated with LysoTracker Red probe for
1 h, 4 h and 24 h under standard cell culture conditions. Supernatants were collected and cell viability was
assessed based on the lactate dehydrogenase (LDH)
enzyme released from the damaged cells. Data was analyzed in triplicate using LDH cytotoxicity detection kit
(Roche Applied Science, Mannheim, Germany) according to the manufacturer’s protocol. The absorbance of
colorimetric product formazan was recorded using a
microplate reader (Bio-Rad, Switzerland) at 490 nm
with a reference wavelength of 630 nm. The values were
expressed as fold increase of the treated samples relative
to the untreated (control) samples. Triton X-100 (0.2%
v/v; in phosphate buffered saline (PBS) (Merck, Switzerland) was added to the positive control 15 min prior to
collecting the supernatant of each well.
Cell exposure to silica NP and LysoTracker probes

A suspension of 1 mg/mL silica NP was first prepared in
Milli-Q water. NP were dispersed in cRPMI to the final
concentration of 20 µg/mL and administered to the cells
via a pre-mixed method i.e., NP were added to cRPMI
immediately prior to the cell exposure. Three experimental setups were designed based on the addition of the
LysoTracker probes:
i. Addition of LysoTracker probe before NP exposure
for live cell imaging: Cells were seeded in uncoated
glass-bottom MatTek culture dishes (35 mm, Life
Sciences, Massachusetts, USA) for 24 h and incubated with fresh cRPMI supplemented with 75 nM
LysoTracker Red probe for 1 h at 37 °C. Afterwards,
the supernatant containing LysoTracker Red probe
was removed, and cells were exposed to 59 nm
SiO2-BDP FL NP in cRPMI for a period of 8 h. The
image acquisition was performed from 4 to 8 h in

Image acquisition

During live-cell imaging, cells were kept in phenol-red
containing cRPMI or alternatively in cRPMI without
phenol red. Image acquisition was performed with Zeiss
LSM 710 Meta confocal microscope Axio Observer.Z1
(Zeiss GmbH, Jena, Germany), using a Plan-Apochromat objective 63 × /NA 1.4-immersion oil objective
lens fitted with diode-pumped solid-state laser (DPSS)
561-10, argon 458, 488, 514 and HeNe 633 nm lasers.
An immersion oil (Carl Zeiss Immersol™ 518F) with a
refractive index 1.518 was used. The excitation/emission spectra peaks for LysoTracker probes: Blue (λex:
373 nm; λem: 422 nm), Green (λex: 504 nm; λem: 511 nm)
and Red (λex: 577 nm; λem: 590 nm), using the respective
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lasers (405 nm, argon 458 nm and DPSS 561 nm)
with adjusted master gain and pinhole for each of the
experiments. The excitation/emission spectra peaks
for NP are the following: SiO2-BDP FL NP (laser λex:
488 nm; λem: 520/30 nm), S
 iO2-RhoB NP (λex: 561 nm;
λem: 620/30 nm), and S
 iO2-Cy5 NP (λex: 633 nm; λem:
700/60 nm). After acquisition, the images were analyzed using FIJI software (ImageJ, National Institutes of
Health, Bethesda, MD, USA).

made by converting the original 16-bit stack to 8-bit and
repeating the colocalization analysis. This part is divided
in two segments: (i) Immunostaining: Upon completion of the NP exposures, cells were washed with PBS
and fixed with 4% paraformaldehyde (in PBS, v/v) for
15 min. After washing, cells were blocked with 4% bovine
serum albumin (BSA) (in PBS, v/v) for 1 h, washed with
PBS and stained overnight at 4 °C with LAMP-2 primary
antibody (Thermo Fisher Scientific, MA, USA) in 1%
BSA (in PBS, v/v). After washing, Alexa 647-conjugated
secondary antibody was applied (1:500 dilution) for 1 h.
Cells were washed and mounted (Fluoromount™ Aqueous Mounting Medium (F4680-25 mL, Sigma-Aldrich)
before proceeding with imaging with Zeiss LSM 710 confocal microscope. LAMP-2 corresponding excitations
were for Alexa 647 varying the master gain and pinhole
for each of the experiments. This data was used for the
analysis of the colocalization coefficients for fixed-cells
described in experiment III. (ii) The simulations using
scripts and macros (see SI): cLSM images were manipulated to evaluate the effect of spatial resolution, optical
slice thickness, pixel saturation and bit depth on the colocalization parameters. The colocalization was analyzed
in ImageJ software using the custom-written script and
JACoP plugin. Representative data was selected to show
the effect of different imaging conditions on the correlation coefficients.

Colocalization analysis

To quantify the degree of colocalization between fluorescently labeled silica NP and LysoTracker probes, the
Pearson’s correlation coefficient (PCC) and the Manders’ correlation coefficient (M1 and M2) were determined from the corresponding confocal images using
FIJI software (ImageJ, National Institutes of Health,
Bethesda, MD, USA) with JACoP plugin and a customwritten script (Additional file 1: Script S2). We used an
approach without Costes randomizations, taking the
automatic adjusted threshold for the two different channels. The cell contours were manually defined based on
the LysoTracker channel to select the region of interest
(ROI) for the analysis and avoid background signals. In
the script run for each channel the automatic threshold
was adjusted, where channel 1 represented nanoparticles
and channel 2 corresponded to a LysoTracker probe. All
the images were analyzed with the same script and the
threshold of each individual channel was adjusted each
time. From the JaCoP analysis we extracted Pearson’s and
Manders’ (M1 and M2) correlation coefficients for data
representation.
Data post‑processing and simulation

J774A.1 macrophages were exposed to 59 nm
SiO2-Bodipy fluorescein NHS ester (SiO2-BDP FL) NP
and 59 nm S
 iO2-RhoB NP for 13 h. Cells were washed to
remove the remaining NP, followed by resting phase fixation and immunostaining for LAMP-2 and subsequently
recorded on a Zeiss LSM 710 meta laser scanning laser
microscope.
Post-recording, two channels of the dataset were
treated to mimic different imaging setups. The simulations were conducted in Fiji software and colocalization
was performed in JaCoP plugin. (i) To mimic loss of spatial resolution, the dataset was binned in XY using the
build-in scaling function of Fiji. (ii) Loss of axial resolution (increase in optical slice thickness) was created by
the sum of slices of the grouped Z-project routine. (iii)
Pixel saturation was simulated by iteratively multiplying the intensity of each pixel by a factor 1.1 of an oversaturation-free stack and calculating the colocalization
measures after each step. (iv) The loss of bit depth was

Statistical analysis

The statistical analyses were performed in GraphPad
Prism 9 software, Origin 2016, 64 bit adjusting each of
the treatments to a corresponding statistical analysis.
One-way ANOVA, t-test or Dunnett’s test analysis were
performed. The results are reported as the mean with
standard deviation of the mean (SD).
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